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Ilepeamona

Bucoki TexHonorii BMMaraioTh OTPHMAHHS NDPHHIHIIOBO HOBHX
MaTepianiB, QYHKLIOHANbHI NAPAMETPH SKHX BH3HAYAIOTHCA BIACTH-
BOCTAMH CPOPMOBAHHX BiANIOBIIHUM YMHOM HAHOMNOP | HAHOYACTHHOK Ta
MPOLECaMH, WO BiAGYBAIOTLCS HA ATOMHOMY MOJieky IAPHOMY piBHAX ¥
J@HKX yTBOPEHHSX. V TakuX CTPYKTypax AONs aTOMIB, POIMIILCHMX Ha
MOBEPXHI Haxonop i HaHouaCTHHOK, MOce nepesuuysatd 30 % Bix ix
3arajibHOi KiNkKOCTi mpu cepefnix pozmpax CTPYKTYPHOI OJMHHUI He
Ginbwol Bify 5 HM. TakuM YHHOM, YHIKaNbHi BAACTHBOCTI HaHoMarepianis
BH3HAYAIOTHCS K OCOONHBOCTIAMH CaMUX HAHOYTBOPEHb, PO3MIpH SKHX €
MEHIIHMH 3a XapakTepHi Qizu4di BenuunHu (mosxuna BisbHOrO NPOGiry
HociiB 3apsiny, jxepeno ®panka—Pija npu yTeOpeHni AucoKaLiH, po3mip
AOMeHa y ¢epoMarHeTMky # T.A.), Tak i BIIMBOM NpPHNOBEPXHEBHX
aToMiB Ha ENEKTPOHHY CTPYKTYpy Marepiany. THnosumu nipHKIafaMH
HaHOCTPYKTYPHUX CHCTEM € HaHONOPOILIKH, CHJiKaTH, cHlikareni,
aeporesti, NOJAIMEPHI PO3UMHH, reli, KOIOiIH, MiKpOnopHCT cepeqoruila,
30J1b-I€Jlb KOMNIO3HTH.

[Tpobnema otpumanns HOBUX dynkuionansiux marepianis aKTyanisye
3aBJaHHs €YEKTHBHOTO KEPYBAHHS iX BIACTHBOCTAMH, SIKE MOXHA 3iHCHHTH
Auue B TCpMO}IHHaMll{HO HEPIBHOBAKHHX YMOBAX LISAXOM TX TEPMOXIMIUHOT
0bpobku, aieto BHCOKOKOHIEHTPOBAHHX MOTOKIB YACTHHOK, NOTY)XHOrO
nazepﬂom BHIPOMIHIOBaHHS, inTepkanauiclo. 30KpeMa, iHTEpKasLis sk
npouec “KOHCTPYIOBaHHS” NEBHUX BHIIB HAHOCMCTEM “rocriogap—ricTs”,
OKPIM TPOCTOrO PO3IIMPEHHsS KONAa HOBHX CHONYK, MOXE NPUBOAMTH JI0
30aradeHHs BUXiHUX KPHCTANIB YHIKANLHUMH, HENPUTAMAHH MMM TM BIACTH-
BOCTAMH Ta BIJirpaBaTH pOJib MHOXHHH TEXHOJOITYHMX NIAXOMIB |
KOHKPETHHX Onepauiii, o CTAHOBJIATH OCHOBY HOBOIO piBHA dizuxo-XiMiy-
HOro MonKdikyBaHHs, TOOTO crath (yHIAMEHTOM HAHOTEXHOJIOTIH 1is
HU3bKOPO3MIDHHX CTPYKTYD.

Cdepn  3actocyBanHs  iHTepKanAuifHHX NpOUECIB  HAA3BHUANHO
wupoki. Tlperenmyioun Ha posib OZHOrO 3 “HAPIKHHUX KAMEHIB” HOBITHIX
HAHOTEXHONIOTTH, BOHH, 6€3yMOBHO, BUMATATHMYTh 3HAHbL NS MPOTHO30-
BAHOro BUOOPY BMAY Matepianip-“rocnionapis” i3 MeTolo X 3aCTOCYBaHHA B
THX M iHIIMX cepax HayKH H TEXHIKY.

BaxuBo 3a3HauMTH, O NpPH  JOCTATHBLO IHTGHCHBHOMY  BIUTUBI
30BHIWIHIX (PaKTOPIB, 11O NEPEBOAATL AOCHIIKYBaHY CHCTEMY B CHJBHO



HEPIBHOBAXHUMHM CTaH, MOMUIMBE CTBOPEHHS YMOB /sl CaMooOpraHizauii
PEeYOBUHM — OTHOTO 3 YK€ HiKaBHX i B TOH Xke yac MajoBHBUYEHHX eeKTiB.
Ilpu upOMy YTBOPEHHS BNOPSAKOBAHOTO CTaHy B AHCHUNIATHBHHX CTPYKTypax
aHajioriyHe 10 (asoBOro nepexody B pe3yibTaTi HECTIHKOCTI MONepeaHboro
HEBNOPANKOBAHOTO CTaHY NpPH KPHTHYHOMY 3HAa4eHHi JAEAKOro rapamerpa
CHCTEMH. Y UBOMY PaKypei BadIMBOIO CTPYKTYPHOIO CKJIAJOBOIO HAHO-
MartepialliB € [OpH, CTyNiHb JMCIEPCHOCTI AKMX BiANOBiNAC HaHOMACIITAG-
HOMY. DiBHIO Ga3HCHHX €IEMEHTIB CTPYKTYpH. TakuM MOPUCTHM CHCTEMaM i3
BHCOKHM BMICTOM BUILHOTO (HE3aNOBHEHOrO aToMamH) 00’€My Takox
NIpUTAMaHHi 0COBNMBOCTI, XapakTepHi s HU3HKOPO3MIPHHX JUCHIIATHBHUX
CTPYKTYp, 30KpeMa, Taki Ak ¢paktaibHuil Onuc, HediHifiHA AuHaMika eBo-
mouii, KBaHTOBO-PO3MipHi edekTH, ki HpUBOAATH A0 (HOPMYBaHHS Camo-
Oprasi3oBaHHX CTPyKTYyp. 3a CBOiM BIUMBOM Ha (YHKUiIOHA/IBHI BIACTHROCTI
HaHOMaTCplaJIlB nopd, MOYMHAKOYM 3 X YTBOpeHHA H 10 opMmyBaHHSA
HEPIBHOBAXHHX CTPYKTYP i3 BUCOKHM BUIbHUM 00’€MOM, BiAirpaioTh BU3HA-
YaJBHY PONb Y CTBOPEHHI HOBOI'O MOKONIHHA HAaHOMOPUCTHX MaTepiais.

-Y npononoBaHiit Mosorpadii posriagatoTbca (Gisuko-XiMidHI OCHOBH
iHTepKaNALIHHAX MPOLECiB Y HU3BKOPO3MIPHHX Ta HAHOCTPYKTYPHHX CHCTe-
Max. Ha KkOHKpeTHHX NpHKIafax HaHOMAaTepialiB, OTPUMAHHMX i JOCI JPKEHHX
aBTOpaMM (HAHOJMCIEPCHI OKCHAM KPEMHilO, THTaHy, LEONITH, CHJIKATH),
CKCTISPHMEHTANILHO BCTAHOBNIEH! 3aKOHOMIPHOCTI iHTEpKaALiHHIX NPOoLECiB
y JaHHUX Marepiaiax.

HaBeneni opurinajibHi pesysabTaTd CBig4aTh Npo Te, WO ILIIXOM
TEpMOXiMi4HOi Ta nasepHoi Moaudikauii HaHOMOPUCTOro BYriJUA,
OTPUMAHOrO 3 (PYKTOBUX KiCTOYOK, MOXHA LINECHPAMOBAHO 3MIHUTH
fioro Qizuko-xiMiuHi BIACTMBOCTI i BUKOPHCTOBYBATH Take BYTiIA JUIs
dopMyBaHHS eNEKTPOXIMIUHHX CYNIEPKOHIEHCATOPIB.

VY mouorpadii nojgaHi pe3ynpTaTH NPaKTHYHOTO 3aCTOCYBAHHS J10-
CIHI/DKYBAHMX MAaTEpiafiB y JITIEBHX JUKEPEIax XKHBJICHHS Ta MOJIEKYJISAp-
HUX HaKONHM4yBadaxX eNeKTPHYHOI eHeprii.

Poszain I
PIBUKO-XIMIYHI OCHOBH lH1‘EPKAJ]HuIﬁllI/IX NPOLIECIB
Y HU3BKOPO3MIPHUX TA HAHOJIMCHEP'CHPIX
MATEPIAJTAX

§ 1.1. OcuoBHI IOHATTH | TEPMinn

Tepmin “inTepxamoBasHs™ NOXOAMTL BiJl JATHHCLKOIG Ji€cioBa
“intercalare” BBOANTH, BCTaBAATH, K0GaBnsTH. B opradiuHii ximii Horo
BUKOPHCTOBYIOTb yXK€ NOHA MIBTOPA CTONITTA [/f MO3HAYECHHS NpoLecy
BIIPOBAJDKCHHSA PEYOBWH y MiKILAPOBi MpoCTOopH abo MOMiX [UIOCKi
KilbLsA B HyKIETHOBUX kucioTax. Y disuko-ximii TBEPJIOro Tina uei
TEPMiH B OCHOBHOMY 3aCTOCOBYETHCA IS MaTepianis i3 11apyBaTOIO
KpHCTaHHHOK) CTPYKTYpPOIO, NpUuOMY HOro # ponnHi Heobrpyurosano
nop’sasyr0Th abo i3 caMHM XapakTepom npouecy (3BOPOTHICTB), abo 3
BUJOM pyuniHoi cuny (10HOpHO-akuenTopuuit nepetioc 3apsany). Tomy 3
METOIO  y3aralbHCHHS NOHATTA IHTepKamsiuii sk yHikanbporo Gara-
TOrpaHHoro  isnko-xiMiuyHoro npouzcy JROKUIBHO Tpaﬂupopmyaam
BioMe BEOCTEPIBCHKE BU3HAUEHHS — “NOMIILICHHA YOro- Hedy b MiK 4HM-
HeOyab iHWMM” [1] sk “BnpoBajkeHHs a60 NOMIIEHHS “TOCTLOBHUX”
KOMIIOHEHTIB Y MaTPHLIO-“Tocnoaap” i3 na;muo*o Yn 3aTHOIO 10 hopMy-
BaHHs B Hill Y X0 npouecy cucrcmono “rocTboBHX” CTyNEHIB BiNlbHOCTI,
o BomoAie JanbHiM nopsakoM”. Jlane BU3HaycHHS, Hacamnepen,
MIIKPECIHOE, 3 0AHOrO GOKY, HANBIAYATLHICTL PEHOMCHY | {Hrepkansanii, a
3 iHLIOrO, — JO3BONAC BUAINHTH MpEACTABNCHNS, CUPABCIIMBI AUIS BCiX
THIHB MaTpulb (OAHOMIpHI, ABOMipHi, TpuMipHi), XapakrepiB rpouecis
(3BOpOTHI, HE3BOPOTHI), BMAIB pPyMWiliHUX cun (OHOpHO- -aKUenTopHe
NEPEHECEH N, AMCnepciitna B3acMois, kondirypauiiiuuil rpagicut ximmno-
TEHLaNy TOMWO). 3ri/IHO 3 TAKUM BM3HAUEHHSAM, KIIaTPATH, 5K 1pOsiB HOBO-
ro NpuHUMMY oprauizaunii xiMi4nol marepii [2] (o peyi, nvxke 6au3bKOrO
110 6xonormnor) ABJIIOTH COOOI0 iMTEepKanaTy 3 upamuquo HepyXOMHMH
“rocTbOBUMH”  KOMIIOHEHTAMHM, RO B3AEMOAIIOTH i3 ‘rocnojapeM” B
OCHOBHOMY 33 PaxyHOK CIabKuX BaH-Jlep-BaanbcOBUX CHI.

“T'ocTboBNME” KOMNIOHEHTAMH MOXYTh OYyTH ionm, aroMu, MoJe-
Ky, FiApaTo- 4M COJIbBATO-KOMILIEKCH, AOBUILHOIO arperaTHOro CTany
pedosiin. Beaxacrscs, 1o 3a CBOCK npnpoumo BOHH TMOBHHHI OyTH
BIAMIHHUMH Bil Marepiany-“rocnojaps”, Xou cama ifes MOAIIMBOCTI



ICHYBaHHS OAHODIAHMX KOMILICKCIB “TOCMOAZp-TiCTL” Mae npaBo Ha
KuTTs 1 06iusge 6yTy ayxe uikasow. as “rocTbOBHX” KOMIIOHGHTIB
BHKOPHUCTOBYIOTH TEpMIiH iH'IepKaﬂaHT

Cepen ycix Tepminis, IO CTOCYIOTBCS PEYOBHH, OTPUMAHUX Yy pe-
3yJIbTari 1HTepKaIIK)BaHHH AK cripaBeAnuBo 3a3naueno B [3], cnix signaru
riepeBary TepMiHy “CroflykH iHTepKamoBaHH”, TOOTO TepMiHy, IO MO-
3HAYAE CHONYKH npouecy. lle 3yMOBJIeHO TUM, WO BOHU ABISIOTH COBOIO
HOBHi THII CHONYK, siKi BHUPI3HAIOTLCA TAKHMHU OCOGIMBOCTAMU: CTYMiHb
3a00BHEHHS. MDKLIAPOBUX MPOCTOPIB iHTEPKANAHTOM, CTaaiifHiCTh, 3BO-
POTHICTH; & TAKOX MOKNUBICTL “CKOHCTPYIOBATH” Ha 1X OCHOBI CKIamHi
CTPYKTYPH 33 THMIOM IE€TEPOfICPEXOAIB, IO HEMOXUIMBO Y BHMAAKY
3BUYHHX pevoBuH. Ha npotusary Ginbiuocti rpyn TpaiMuifiHux XiMiYHHX
CHOJYK, SIKi BU3HAYAIOTbCH B YMOBAX CTATHKH HA OCHOBI CIiBBiAHOLIEHD,
WO CTOCYIOTHCH CKAamy, CTPYKTYpu abo 3B’A3KiB, CHOJNYKH iHTEpKaio-
BaHHs, K rPYNd, XapaKTePHU3YIOTHCH 3araiibHUMH NMPUHLKNAMH peakuil,
TOOTO MpPOLECOM iHTepKaMOBaHHA, WO Bege A0 iX yrBopenns. Tomy
Hajaii ANA COONYKH IHTEpKalioBaHHS OylEMO 3aCTOCOBYBATH TepMiH
“IHTepKanaT”, SKOMY HAJlaMO BHILE3rafaHe 3MiCTOBE HABAHTAXEHHS.

AN MO3HaveHHS TPOLECy, 3BOPOTHOIO JI0 npouecy iHTepkansuii,
OyneMo BUKOPHCTOBYBATH TEPMiH “JieiHTepKansLia”, a OAHOYACHY iHTep-
Kanfiie AsoMa abo Oinbiliol KilbKicTIo iHTepKagaHTis B OAHI W Ti X
“rocTbOBi” AIASHKM KPUCTARiUHOI CTPYKTYpU Matepiany-“rocnojaps”
Oy/ieMO Ha3MBATH KOIHTEPKASILIEIO, KPIM TOrO, NPOUEC iHTEPKATIOBAHHS,
TNpU SKOMY [1Ba Pi3Hi iHTEPKANaHTH BNPOBAKYIOTLCS B Pi3Hi “rocTbOBi”
AlAfiHKHM, Ha3UBATUMEMO GiinTepkansuiero, a nix peinTepkansuicio 6y aemMo
PO3YMITH MpOLeC iHTepKananil B “rocTboBi” AUISHKM MICas NONEpeNHboi
ACIHTEPKATAUIT IHILOTHITHOTO “rOCTLOBOrO” KOMIIOHEHTA 3 LUX ALIAHOK.

DopMyau Cronyk iHTEpKaMOBaHHS HABOAATLCA Y BHMAAKY, AKLIO
BOHM TOYHO BIZOMI, KOpHCTYyiouuch npasunamu TUPAC. [lpu upoMmy ciig
MaTH Ha yBasi, L0 Taka CUTyauisi B iHTepKaNaWiitnii XiMii Tpannsersbes
Ryxe piako. Y 3aranbHOMY BHNAAKY iHTEpKamaT SBASIOTH @ Co6OIO
HECTEXIOMETPUUHI CHOJYKH BIPOBA/KCHHA 31 CKIQJHUMU CTPYKTYpaMmu,
ANs SAKUX. BOKKO 3poOHTH OAHO3HAYHUE ONUC IXHBLOIO ckaany. OcraHHe
3YMOBJICHO THM, W10 B MAaTpHlli abo B IHTepKallaHTy MOXe GyTH BIJCYTHIi
AanbHill NOPAAOK I BOHK MOXYTE HE BOJOAITH MOCTIHHICTIO CKNaJly HaBiTh
Y MEkKax JEKLIbKOX €N1eMEHTAPHUX KOMIPOK.

- Kpim Toro, Bsaemonis “rocnopap” (Hs)-“ricts” (Gs) pinko mae
OJIHOTHIHUI XapakTep, HaNpuKiaJ, 4acTHHA OMHOrO i TOro * Copry

iHTepKanam*y BHAXOAMTHCH B IOHI30BAHOMY CTaHi, yTB()plQl()llH 10HHH#
Xapakrep 383Ky, a IHIUA YacTHHA ~ HeliTpasibHa, ska MOXe 38’13yBaTHCH
3 MATPUUCIO BOJAHEBUM M BaH-ACP-BAaAbCOBHM 3B’ 43KOM.
3 OIMSAy Ha BMIECKA3AHE, B 3araibHOMY BHIAAKY, HAHGiNbM
AouinbHuM 3a1McoM GopMy T iHTepKanaTiB €
[TIT '(Gs) (Hs) '@s), (.
il jel
/ic X ~ KiJIbKICTb {OHIB, aTOMIB YH MONEKy)l iHTEpKANaHTY, IO NpUTIafae
Ha 0JIHY QOPMYJIbHY OJMHHIIO ManldIli—“I“()CﬂOﬂapﬂ” n, m — BiANOBIHO
KiIbKICT GisibLl €MEKTPONOBHTHBHOIO i MEHI ENEKTPONO3UTHBHOTO cop-
Ty “rocTbOBUX” KOMMOHEHTIB CTOCOBHO MaTpulli. Y BUNajkax, KonH
BU3HAYCHHS CHIBBIAHOWEHHSA MK KOMNOHEHTaMM (0COOIMBO 1Ee ¢TO-
CYETbCS MOJIEKYISAPHUX QOPM IHTEPKANAHTY CKAALHOT CTPYKTYPH) CTAHO-
BUTL 3HA4HI TPyAHOLL a6o ixHs ineHTndiKalis € HECYTTEBOK B IpoLECcaX,
O PO3MAARAIOTLCA, OPMYIIa IHTEPKaaTy HalyBae IPOCTIIIOrO BUMIARY:

[T (Hs)<(Gs)>y . (1.2)

A€ N — KUIBKICTh COPTIB YHPOBAKCHHX “IOCTHOBUX” KOMIOHEHTIB, 4 X —
BilOOpakac Xapakrep HecTexioMerpuunocti. OueBHAHO, IO B KOXKHOMY
KOHKpETHOMY BHNAAKY Jani Gopmysiu MOXyTh GyTH yTOUHEHI, AKWIO 1e
MOZKIMBO 260 HEOOXiAHO B paMKaX 3aBIAHHS, IO POIMISAACTHCS.

[louwyk KkpHCTaniuuux TBEpAMX Tin, NPUIAATHHUX s iHTepKamo-
BaHHs1, € OAHICIO 3 AKTYAlbHHX npoﬁmm MAaTEPiaNo3HaBCTBa, KA BU3HA-
Yac HOBI HANPAMKM AOCHIDKEHL | OuikyBanul nporpec y nauiid raaysi
3HaHb. Y QyHaameHTanbHOMy acnekTi HeOoGXiIHO BCTAHOBMTH T1 BUMOTHU
[0 BIACTHBOCTEH TBEPHOIO de AKI 03BONATE BHKOPHCTOBYBATH HOTO B
AKOCTI MdTlell— ‘rocronaps” npu inTepkamoBanni. Y pesynwrari Teope-
THYHHX | EKCNEPUMEHTANBHHX JOCHLIKEHb GYJI0 BCTAHOBICHO, IO mTep—
KaJIlOBaHHIO MIAJAIOTLCR TiNla 3 Pi3KO aHI30TPOITHUM Xapak: rcpoM 38’ sm(y,
30aTHI /10 JIOHOPHO-aKUENTOPHOTO OOMIHY 3apsaaMH 3 “TocThboBHMHK”
KOMIIOHEHTAMH, W10 BIPOBAINYIOTHCY. Kle TOro, Jaui CTPYKTypH
nosuHHi GyTH XIMiuNO # TepmoaMHamiuKo criliknMu B npoueci inTepka-
JIFOBaHHS, 3a6<.3nequa1u TOllOTaKlH‘HIICTb npouccy Ta BOJOMITH CTPYK-
TYPHOIO CIOPIAHEHICTIO 10 CHMETPIT “TOCTLOBHX” YaCTHHOK. Hpore na-
cryusi gocnijpkenus [4] nokazanu, WO BUILEHABEAEHE (opmysioBanta
0OMexye He TUILKM KAc MONJIMBHX NPETEH/ICHTIR Ha poiik “rocnonaps”,
ane # 3ByKye pisHOMauiTHiCTh NpUpoiH BisHuHOT B3acMonil, ska npu-
BOAWTH 10 IHTLpKaJlﬂllll Hacnpaspi, exciiepumenrtanbii aaui skasylors Ha
30ATHICTL 10 IHTEPKANIOBAHNA BCIX  KPHCTANIUHUX TBEPAMX Ti, MO



BONOJUIOTE “TOCTLOBHMM CTYHEHSAMH BinbHOCTI” abo 3patni 10 Qopmy-
BaMHS B HUX “TOCTLOBUX” MO3ULIH, a PYWIHHOIO CHIIOI0 MOXE CITYKUTH
BeCh BIZOMMEH CHEKTP B32EMOAIN BiJ KYJNOHIBCBKOI J10 Aucnepciiinoi.
OpHaK ue He 03Hayae, O MeBHUH “rocTeOBUH” KOMITOHEHT beznocepen-
HbO MOXE IHTEPKANIOBATH JOBIIbIIY MATPHIIO i, HABMAKH, OCTAHHS He
000B’S3KOBO Cilyrynatume “rocriogapem” Ajisi JOBIILHOTO iHTEPKATIOW-
HOI'O  KOMHOHCHIA, OCKIIbKM MOX/HMBICTS YTBOPEHHS Tiel uM MOl
croayku inrepkamosanns (KOHKPETHOrO BHIY CHCTEMHM “rocnojap”™
“ricTL”) BM3HAYAETLCS MEBHUMH TEPMOAHHAMIUHHMH #  KiHETHYHUMH
3aKOHOMIPHOCTAMH.

Buay HuHI BIIOMMX KPUCTANiYHMX I'DATOK, MPUIATHHX /10 iHTEpKa-
JIIOBAHHS, MOKHA PO3JINKWTH YMOBHO Ha TpH rpynu (puc. 1.1 [5]):

— ninifina (hanpuxnan (SN),, nosiagerunen);

— JBOBMMipHA (Halipuknaj rpadit, TPULOHANLHO-NPU3MATHUYHHHN
TiSz, V303, MOstj, NIPS:;), ' ’

— TpuBMMipHa (Hanpukaag neposckit (BaTiOs, ReOs), pytua (TiO,),
rexca- i TpuroHanbHui okcHa Bonbdpamy (WO;), Grokosuii B-Al,05).

Y TpuBuMipHUX 'fpaTKax _ PYTHIONO ZIGHOT CTPYKTYPH OCHOBHHM
CKIIaZIOBUM EIICMEHTOM € okraeip MeOgy (Me-3d-, 4d- i Sd-meranu Bin-
NOBIAHO IVB—VIB, VB-VIIB i VB-VIII rpyn Ilepioanunoi CHCTEMH).
OxTaenpu MaroTh cn'if'rb}ii pebpa il YTBOPIOIOTH TAHIIOXKH B3JOBXK Kpuc-
Tanorpadiunoi oci C, siki 3’eanani Mix co60t0. Takum 4UHOM POPMYEThCS
TeTparoHajibHa CTPYKTYpa, MOMNUIMBI MIiCH PO3MiLLCHHS BIPOBAIKEHHX
aToMiB B sIKiii nexath y3N0BXK KaHaniB Mix oktaeapamu MeQOq. IchytoTs
ABa THIM TAKHX MiCilb: TeTpaejpHuHi, OTOYEeHi 4 aToMamMu KHCHIO, i
OKTAaeIPUYHi, OTOUCHI 6 aTOMaMK KuCHIO. JIBA i3 LIECTH KUCHEBUX aTtomis,
IO OTOYYIOTh OKTaCAPUUHE MicCLie, PO3MILUCHI [0 HOro neHTpy Gimxue,
HDK peinTa YoTHpH. Bisaans Mi aToMoM KMCHIO i MicLeM uisi kX ABOX
aTOMIB MEHILA, HiX BiJAAL MIXK aTOMOM KUCHIO i MiCleM JUist JOBIILHUX
i3 YOTHPBOX aTOMIB KMCHIO, WO OTOUYIOTH TeTpaeapuyte micue. Tomy
NOBifbHI aTOMH B TETPAEAPUUNHX MOMLIAX MOBHHHI BONOMITH MEHIHOIO
EHEPriero, HiX B OKTACAPHUHUX.

Kpim Micub posrauryBaHHs B30BX KaHafiB, iCHYIOTH wie 4B THITH
“rOCTBOBHX” TIO3HL{H 3 TETPACAPHYHHM OTOUCHHAM. 3 UMMM MiCusiMu
nos’s3aHa judy3is aTOMIB NeprenuukyNIpHO 10 KaHaniB. PospaxyHkH
nokasanu [5], wo obuasa TMNN NMO3MUIKA MAOTH 3HAUHO BUILY EHEPFIIO,
HDK Micus B kaHanax. Y CHOTBOpPEHHX CTPYKTypax Tuny pyTuiy
AMMepH3allisl aTOMIB MeTaly MPH3BOAHTD 10 HEEKBIBANCHTHOCTI OKPEMIX

no3uuiit. Okraeapuyni Micus NOAINAIOTHCH Ha TPH THIIH B NOCJiAOBHOCTI
123212321... B3noBxk Kauany, a rerpacapnuni (1a oci KaHany) - Ha [Ba, B
nocuigosHocti 11221122...

A

Puc. 1.1. Cxemarunite 306paxents THIIiB KPUCTAMHUX IPaTOK
pisHoi posmipuocti. Kapkachi crpyktypu: WO, (a), Nb,S, (6) (kpyxxamn
NOKa3’aHo “rocTbosi” no3uuii); wapysati crpyxrypu TiS, (), MoQO; (1),
HaHUOKKOBa CTpykrypa NbSe; (1)
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Kpucraniyna crpykTypa JBOMIDHHMX = [paTOK JIHX&lNbLKOFEHiliB
nepexiiHux Meranis gBiyise coboro Habip WiNLHO YHOAaKOBAHHX MJIOLIMH
XaAbKOreH—MeTal~Xa/lbKOreH, po3TalloBaHHX y3/IOBXK KpucTtanorpadiiyqol
oci C. Yepez crabkicTe BaH-Aep-BaanbCOBUX 3B’43KiB MK CYCIOHIMH
TUIOIMHAMH XaJibKOPEHIB IIAPH JIEFKO PO3AIAIOTLCS | 6arato atomis abo
HaBiTH BEAMKHX OpPraHiuHMX MOJEKYJl MOXYTh OyTH “poscencHi” Mix
wapamyu Ban-siep-Baansca. EnemenrtapHa komipka [ux CTPYKTYP MOKe
BMillyBatH oAMH abo mea X-Me-X-uiapu [6, 7], B skux AocTynui Ans
BIMPOBA/DKEHHSI aTOMIB MO3MUIT 3HAXONATBCS MDK MapamMM = IifbHO
yNakoBaHHMX aTOMHHX wwapiB. Ha oaWH arom nepexigHoro wmetany
NpHrajac OfHE OKTaelNpH4He i JBa TeTpacapuudi Micus. OkraeapuuHi
HO3HIT YTBOPIOKOTH TPUKYTHY [PATKy 3 NOCTIHHOKW a (Bignans Me-Me B
nnowudi ansa.-MeX,), a TerpaeapuuHi — COTOBY 3 BIACTAHHIO MiX Hai-
6mDKIMMHA cycilamu a+/3, SKIO 3HEXTYBATH 3MIlCHHAM MOYEProBHX
TeTpaeApHYHHX MiCUb HAA i MiA INIOHIMHOKO OKTACAPHUHHX MO3MUIM.
3arioBHeHHs BCiX MO3MUiH aToMamu A paec dopmyny AMeX, 3 x=3, VY
JeaKux CHCTeMax BOpOBajpKeHHsa nnowuHy  X-Me-X  nignarorbes
KOB3aHHIO, L0 MPH3BOAUTH JO PO3MIlIEHHS ATOMIB XanbKOICHY B JIHIIO
3ok oci C. lle mae nopucry rpatky 3 ABOMA TPUIOHAJIBHO-TIPU3IMA-
THYHUMM MICUSIMH Ha OJIMH aTOM NEPEXIAHOrO MeTany.

I, 3pewirTolo, rpyna miHIRHUX TPATOK XapakTEPHU3YETLCS HAsIBHICTIO
“rocTb0BHX” NO3ULIH, TKi YTBOPIOIOTH OJIHOMIPHI KaHAJIN.

3a xiMIiYHHM CKJIAHOM MaTepianu-“rocnofapi” MOXHa TOAIIMTH Ha
npocTi, abo enemenrapHi (rpadir, Bi, Sb), 6inapni (TiS,, NbSe,, Pbly, AgF,
MoO; i 1. i), norpiiini (NiPSs, FeOCl, TlinSe, # inui) Ta cnonyxky 6inbu
cknaanoi Oyaosu (HTINDO;, Sn(HPO,),, cioau K, AgeSi, . AlLLO;o(OH)), a
332 €JIEKTPOHHOIO CTPYKTYporo Ha mertand (Hanpuknap Bi, Sb), wanis-
nposianuk# (ZrS,, TlinSe,, ...) # aienextpuku (TiO,, riMuucTi Mitepanu
touo). Cepea suiuenepesiueHux (aKTOpiB TUN KPUCTAIYHOI rparkH,
XiMIYHHH CKJIaA 1 eNeKTPOHHUI eHEPreTHYHMIA CNEeKTP € TPbOMAa OCHOB-
HUMH YMHHHKAMH, AKi BU3HA4AIOTb 3JaTHICTb BIMMOBIAHOrO Martepiany-
“rocnofapsa” 10 iHTepKanduii HEBHUM BUJOM  YACTMHOK-“rocreit”,
MaKCUMAaNibHY BEIMHUHHY HOr0 “TOCThOBOFO” HaBaHTaXEHHS, ODOPOTHICTD,
CTablIBHICTD NPH laHOMY CIOCO0i BIPOBAKCHHS,

PizHOBHARICTL COPTIB “TOCTHOBUX” KOMIIOHCHTIB, SIKi MOXYTh DyTH
BIPOBAKEHI NPH [HTEPKANOBaHHI, NpakTHYHO HeoOMexkeHa. 3a CBOCK)
(DI3UKO-XIMIYHOIO TIPHPONOID [le MOXYTh OYTH 1IPOTOHH, IOHH, aTOMM,

MOJICKYJIH, TIIPATO~ UM COJILBATOKOMIICKCH, XIMIYHI PEHOBHHH JOBiflb-
HOTO arperaTHOro CTaHy. IX 3pyuHO POZALIMTH Ma TPH OCHOBHI rpymnu
3rIHO 3 XapaKTepoOM i BEJIMYHHOK eNEeKTPOHNOT CHOpPIIHEHOCTI a6o
CTPYKTYPH BEPXHiX BaJieHTHUX opbiTaneit tax;

— YiTKO BMPaXeHi JOHOPM €NEKTPOHIB (s-enementd [lepioauuoi
cucremu: Li, Na, K, Rb, Ca, Ba; rispasin, amiak, nyru Jisioica i T. ),

~ CUJIbHI aKUENTOpH eNeKTPOHiB (p-enemenTtn [lepionnunoi cuc-
temu: F, Cl, Br, I; neopraniuni-SbCls, AsFg i opraniuni ~ 6eusonitpun);

— KOMITOHEHTH MPOMIKHOI OKHCHO-BIIHOBHOT Aii = (d-enemenTn
Hepiognunoi cucremun: Cu, In, Co, Ni; Heopraniuni — AICl;, InCl i
oprasiuti — antpaued, TCNQ -~ Mosiekynu, a TAKOX CTPYKTYPH 3 NPOCTO-
POBO  PO3AIICHMMY JIOHOPHO-AKUENTOPHUMH LEHTPamMu  (LBITTEp-ioHH,
OPraHoOMETaNIH TUTY NEPHJEHY)).

ITpore nanwit nopin € pocuth ymoBHuM. OfHa H Ta X 4acTHHKa-
“ricTs” (0COGJIHBO UE CTOCYETHCS TPETLOT IPYIH) NS OJIHUX MaTepianis-
“rocnoaapis” MoXxe BHCTYNATH SK JIOHOpP, a IS iHIIUX ~ SIK aKuenTop
eNEKTPOHIB YK 36epiraTi cBoIO enekTpoHeiiTpanshicts. KpiM 3azHaueHux
0cobHBOCTEH “rocTbOBUX” KOMIOHCHTIB, HA iX BIIPOBAAKYBAHICTH y
MEBHY  KPUCTANOXIMiYHY —CTPYKTYPY 1 BJAacTHBOCTI  OTPHMYBaHHX
inTepKANaTiB NOMITHO BNAMBaE iXH# reomerpuuna GynoBa, posMip,
NOAsPH30BYBAHICTL i NOASPU3ALIHNA 30aTHICT.

§ 1.2. Meroju iHTepKAIIOBAHKSA

[Turanns npo crnocolu intepkansiii, T0670 Npo METOAH OTPUMAaHHS
INTEPKANLOBAHUX MaTepialiB, € JlyXe BNIMBHM y NepIly 4epry 3 orasgy
Ha T€, IO IHTEPKANaTH — Ue CIIONYKH npouecy. lHiuMMH croBamu, He
BUKJIO4AECTHCA MOXKIUBICTL CHTYAUIT, B sKkilf IpY BCIX IHIIMX OHAKOBHMX
YMOBax BUJ i BJACTUBOCTI iHTEPKANATIB BU3HAYATUMYTHCA CIOCOGOM iX
OTpHMaHHS3,

Hait61nbiu nommpeni Metoan iHTepKamOBaA MOXHA PO3NINMHTH Ha
TPH OCHOBHI I'PYTIH:

~ TEPMIYHO-CKCNIO3MUIIIHY — NpsAME eKCHOHYBaHHA Matepiany-
“rocnosaps” 8 naponoAiGHOMY Ul PiHHOMY CEPeAOBHILI BNPOBAIKY Ba-
HOT PEYOBHHU-“TOCTA”;

~ XIMIYHO-CENEKTUBRY, 3r1IHO 3 SKOIO KPHCTaN, IO iHTEPKATIOETHCA,
MOMIIAETHCS B CEPEfOBUILE (HaltyacTiwe B PiMKY), fke BHJLINsE BIpOBa-
JDKYBaHUH KOMITOHCHT, 6€3 KOIHTEPKansilil AeKOMI03MILIORAHOT OCHOBH;



CHCKTPOXIMIMHY, [pU sAKil MaTepian-"‘rocnojap” iHTepKamoeTHCs
I0HI30BaHUMH  aToOMaMy aB0 MONEKyNiaMH NpU KaTOHHIH 4K aHOAHIH
NMOJNISPU3AILT 3 TBEPAOTO ENEKTPONITY a60 HOro posduuny.

Y XpoHOJIOTiUHOMY acnekTi MeToad 1epuol rpynu 6ynu nepuinMu,
33 JOTMOMOTOI0 SIKHUX OTPUMYBANUCH CIIOJNYKH iHTepKamosanHg. Bouu e
AOCHTL TIDOCTUMH, 3pY'HHMH B KOHTPOI 3a Napamerpamu Ipouecy
AO3BOJISIOTH OJIEPIKYBATH HIMPOKHHA CNEKTP CHUCTEM “Tocnofap”ricTs”.
Mpakruuno GisbiicTs BiJOMUX iHTEpKANATIB CHHTE30BAHO CaMe LUMH
meropamu. Halinpocriuimii X pisHOBHA Nosisrae B NOMilieHHi MaTepiany B
piMHIC Wi naponofibHe cepefoBHiLe BNPOBAIDKYBAHOI PCHOBHMHH, siKi
3HAXONATLCA [IPH -ONHAKOBIH Temnepatypi. Y LbOMY BUMAJKy napamerpa-
Mu nipouecy Oy ayTh Temmeparypa (ska B naponogiGHoOMy cepeloBHilli BH-
3Ha4aTHMe il THCK HACHYEHHX NapiB) Ta TpUBanicTh eKcno3uuii. Yaoeko-
HAJICHHH BapianT OMMCaHOro cnoco6y, Akuit  nae 3MOTY PO3LIMPIOBATH
PI3HOBUAM OTPUMYBAHMX IHTEpKAJATIB 33 PaxyHOK MiABHIIEHHSA HOro
npenusiiioCTi, nojiArae B HaK/IafaHHi rpagicHTy TEMIEPATyp Ha CHCTEMY:
Mannuﬂ~1HTepKanaHT Hpi4 UBOMY, SIK MPaBUIO, TEMNepaTypa MaTpuLi
MiATPMMYETHCA BHUIOI, HIX TeMIepaTypa iHTepKanaury, wob 3anodirtu
KOHJeHCcalli Horo Ha 3pasky. Ty"r AOJATKOBHM MlapameTpoM 1poLecy
BI/ICT}’ﬂaTHMC pl3Hlfﬂlﬂ TEMIIECparyp rocno,uaps; i “rocrs” Hauqacnme
naHy IPYNY METO/iB BHKOPHCTOBYIOTH IS {HTCPKAMIOBAHHS MaTepiany-

“rocrioapst”  OpraHiYHMME MOJICKYNaMM, CHILHHMM OKHCIOBAYaMH,
MOJIEKYJIAaMH BOJHIO UM iHIIMMU “TOCTBOBUMH” KOMAOHEHTAMMU 3 HM3bKHM
TUCKOM NapiB 3a HOPMabHUX YMOB. CaMe UM METOMOM CHMHTE30BAHO
YHIKafbHi PEYOBHHH-CHOJIYKH IHTEpPKATIOBAHHS rpaQ)iTy 3 n-CTajiiHuMm
YHOPSIAKY BaHH sIM [8]. Cxema ycranoBku uBOro pi3HOBHIY TepMiuHO-
eKCMIO3ULIHHIX METOAIB iHTepKaioBaHH s 306paxeHa Ha puc. |.2.

IIpote npu 3actocyBaiHi TEpPMiUHO-CKCIIO3NLIHHOT TPy MeTOAIB
notpifHo BpaxoByBaTH, npuHaﬁMHi /B THIIN SIBUAL, IO BIYBAIOTH Ha
cb13wuu BJIACTHBOCTI BHXIAHHX MaTepiamis, OCOBIMBO — HATIBIPOBIf-
HHKIB. Ho-nepme y Bnnam(ax KOJIH HEeOoOXiAHO MiJBMILYBATH TEMIIC-
parypy martepiany-“rocnojaps”, o6 npoiHTepKanioBaTH HOro Bifnosij-
HAM  BUIOM 4acTUHOK-“roctefi”, Tpeba BpaxoByBaTH He TiJIbKU
TEMINEpaTypy . HOTO MJIABNCHHS, ane i BMUIMB TEPMIYHOrO BiAnany Ha
BJIACTHBOCTI HEiHTEPKabOBAHOIO Marepiaiy-“rocrnonaps”. IMo-apyre,
HeoOXizHa B GiNbWIOCTI BUNAAKIB HOBrOTPHBAA BUTPUMKA B cepeAoBULLI
iHTepKanauTy (0coGNMBO B XiMIYHO AKTHBHOMY) BHMAarae BpaxyBaHHs
MOXIIMBHX 3MIH CTaHy MOBEPXHI, 30KpeMa, B MaTepianax i3 BHCOKHM
CTYTEHEM HEHACHUYEHOCTI AOBEPXHEBUX 3B A3KiB.

pmerrnd

Puc. 1.2. Cxema TepMiuHo-eKcno3uiiliHOrO
cnocoby intepkamosanus (BPT - rucokoTounuit
PEryaaTop TEMNepaTypu)

Jlpyra rpyna MeToliB — XiMiUHO-CEJEKTHBHHX — TAKOX YaCTO BHKO-
PUCTOBYEThCA AJIl OTPUMAHHA CHOJAYK iHTEpKalitoBaHHA. OcobnuBo ue
CTOCYEThCS BUNAKIB, KOJH He 6akaHO MiJABHULYBATH TeMIe patypy 3paska
abo KoM TEPMiYHO-eKCTIO3MIiIiHI MeTOAM He JAlOTh OUIKYBAHOIO
pesybTaTy. Ix cyr» nomsirae s TOMY, WO MarepiaN, sKuH norpibHo
[HTEPKANOBATH, BATPUMYIOTh B CJIEMEHTHOTEHHOMY PO3YHHI, K npasuno,
npu KiMuHaTHii Temnepatypi. Haituactie takumu cepenosuinamu, wio
BUIIISAIOTH BIPOBAOKYBAHHH KOMIIOHEHT, BUCTYNAIOTH:

= 0,1-1,6 monspui posuunn n-Gyruasitiio (n-C4HeLi) B rexcai.
Peakuis inTepkanauii 8 UbOMY BHNAJKY ONHCYCTHCA PiBHAHHAM:

Hs +x - n- C4qu i= Li Hs + x/2- C8H|3 (1 3)

Y 3anenHOCTI BiA 3Ha4EHb X Yac CKCIO3UUIT MOXE CTAHOBHTH Big 0, 1
J10 24 rojiuu;

~ PO3UMH HOAMIY JMITHO B YOTHpUXJIOpUCTOMY Byrieui. Peaknis
BIIPOBA/DKEHHA OMMUHCYETHCS piB[lﬂllHS]M'

Hs +x - LiJ = LiHs + x/2 -1,. (1.4)



Yac ckenosuuit crknagac 1-24 roavtHu. ﬂon, SIKMH BHIUJSETLCS B
xoui wiei peakuii, posunnscroes B CCly. lnst Toro miob nepekonatuces, o
peaKuis 3aBepHIIacs 3 MaKCHMAabHUM JITICBUM HABAHTAXKEHHSIM, 13 30HHU
peakuii 3abupaerscs BIACTOSHA piguHa i A0GABASIOTLCS CBIXI peakTHBH
CCly i LiJ 3 nacrynuum nepemiutyBanusm. ITponec nosToplocthest 10 Toro
4acy, NOKH He NPUITMHATLCS BULIIEHHS HOJLY, MICHst YOr0 NPOAYKT peakuil
IIPOMUBAETHCS BEIIMKOIO KUILKICTIO ALETOHY.

OcnosyMMK napaMeTpaMu XiMitHO-CENCKTHBHMX METOAIB iHTepKa-
JHOBAHHS € TPUBANICTL EKCIIO3UUIT, KOHICHTPAUIs eJIEMEHTOTEHHOTO Po3-
anny ra remneparypa. Haituacrime gaHi METOM BUKOPHCTOBYIOTHCS JUIs
IHTCPKAIOBAHHS  1IPU  KiMHATHIH  TemmepaTypi  aroMaMn  CHJILHHUX
BigHosmoBauis (Li, Na, K, Cs, Rb) abo monekynamu cuibHUX OKHC-
mosadis (Cly, Bry). Onna 3 ocobumBocTell BUKOPUCTAHHS METOAIB ifici
TpYNu noAsrae B CENEKTHBHOCTI IHTCPKANOIOHOTO €/IeMEHTa  1L0JI0
OKHCHO-BIAHOBHUX BJIACTUBOCTEU matepiany-“rocnogaps”. Harnpuknan, y
[9] 6yno Bcranosieno, wo miTIOBaHHS KpUCTana 3 PO3UMHY HOAUIY
JiTirO, WO NPUBOAUTL 1O yTBOpenHs LiHs i J,, Moxiuse TEPMOIUHAM Y-
HO JIMIIE TOMI, KOY BENMYHHA HOTEHIiany BiAMOBIgHOI peakuii B rajispa-
HIYHOMY e/leMeHTi nepeBHuLye 2,8 B:

SxLi(s) + LiHs(s) = Li, gHs. (1.9)
Binnosiane 3Hauenns noteHuiany npu AiTiroBaHHi 3 #-6YTHIIIITIIO 3HAYHO
MEHINE | CTaHOBUTh ~ | B. [HWIO0O 0COGAMBICTIO XiMiYHO-CENECKTHBHUX
METOJIB, SIK | B NONEPEAHidl rpymi, € HeoBXiAHICTS BIICTEXKYBATH 3MiHY
XIMIYHOrO CTaHy MOBEpXHi.

3 po3rnsAHyTOI rpymu METOAiB OKPEMO CHiJi YKa3aTM Ha TakKMil iX
Pi3HOBHA, K i0HHO-0OMiHNA inTepkasiis. Bona 3acTOCOBYETbCS IS THX
Marepianis, ki y BUXIZAHOMY CTaHi B MiCUSIX “TOCTbOBHX” MO3HILIH MAIOTh
CTPYKTYPHi enemenTH (xationu uu auionn). Lle, nanpuxnan, nesui Bu/n
cmoau, KBiO; #  inwi. londo-o6MiHHAa iHTEpKandlis MPOBOUTHCS
LUTSIXOM  TTOMIUICHHS MarepianiB-“rocnonapis” |y po3uuH, iOHH SIKOTO
MOXKYTh OOMiHIOBATHCA 3 ioHaMu TBepioro Tina. Hanpukman, [10] cuoga
hroronit npu 3aHypenHi y Bogy Moxe 34iiCHIOBATH O6MiH MDKILAPOBOrO
10Ha KaJilo Ha iOH OKCOHIIO 3a CXEMOIO:

K" +2H,0 = H,0" + KOH, (1.6)
aHanoriqHo iod kanito 3 KBiO; Moxe o6MiHIOBATHCS Ha iOH BOAHIO y
18-monsproMy posuuni H,SO, 3 yTBOpeHHSM, NMpH 11bOMY, TPOTOHHOIO
nposigHuka [11].

HaykoBe oGrpynTyBanns enekTpoxiMiaHol intepkanauii 6yno 3aifc-
HEHO NOPIBHAHO HeAaBHO. Ii CyTh nonsrac B TOMy, L0 OTPUMAHHSA iHTep-
KajnariB npoBOAATH LUISIXOM NOJspHU3alii marepiaity-“rocnojaps” B ejex-
TpOXiMidHiH komipui (puc. 1.3) abo nipn po3psini ranbBaHiuHOro enemMeHTa,
B AKOMY OJIMH 3 CNICKTPOMIB BMIOTOBJEHHH 3 PEMOBHHM, sIKY iHTEpKa-
JIFOIOTh.

Usansaro-
orr
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Puc. 1.3. Cxema enexrpoximiuHoro cnocoby
IHTEPKATIOBAHHA: | — NONIPU3YIOUHIA €EKTPON;
2 — eNeKTpo/ HOpiBHAHHA; 3 ~ iHaudepentHa
KOMipKa; 4 — eneKTpoa i3 MaTepiany-“rocnopaps”

Meronu enextpoxiMiuHOl iHTEpKananii RO3BONSIIOTH Gesnocepenbo
MOB’A3YBATH MApPaMETPH ENEKTPOXIMIUHUX KOMIpOK i3 BRACTHBOCTAMH
YTBOPIOBAHOT CHONYKH iHTEpKatOBaHHA. JIaHUMU METOAaMH MOXHA
OTPHMYBATH TNPAKTHYHO HeoOMexenuil knac iHTepkanartis, npUYOMY
HaBiTbh NPH HU3bKUX (-50 + -60°C) TCMIIEPATYpPax, TOMy 3 X JOHOMOIOK
MOXHa JOCIHIKYBATH BIUIMB TEMMNEPATYpH BUXIAHOT MAaTpHUi Ha npouec
iHTepKansuil i BAACTMBOCTI IHTEPKANLOBAHMX MaTepianis. Kpim Toro,
eNeKTPOXIMIYHUMN METOJAMH MOXHA CHHTE3yBATH CHONYKH, fIKi He
MO>HA OTPHUMATH iHUIMMH MeTolamu. Hacamnepen ue ctocyeThes HOBOrO
KAacy CTPYKTYpP “rocnofap”“ricrs”, B SKHX “rocTbOBHIt” KOMHOMEHT

Is



ABNAC COOOI0 FIAPATOBAHI YK COALBATOBAN IOHHU, LI CONBBATOKOMIICKCH
i acouiatn. BiTrinxem y naredTHiii 3assui [12] chopmymosas pexumu
ENEKTPOXIMIMHOT IHTEpKANAUIT JAWXANBKOrCHIIB MepexiaHux Meranin
popmyan MZ, (M-Ti, Zr, Hf, Ta, V, Nb, Mo; Z-S, Se, Te; x = 1,05-2,05)
kaTioHamu enementis Li, Na, K, Cu, Ag 3 BOAHHX | HEBOAHMX PO3UMHIB
enexkTponiTiB. OAHOMACHO # HE3ANICHKHO Bill HHOTO OJHUM 3 aBTOPIB
moHorpadii 6ynu cpopMmynLoBaHi yMOBH # PeXWMH IHTEpKANIOBaHNS
Oisbul WHPOKOro Kona Matepianis, mo BKmoqdnn HOBI CHOAYKH-
“rocriofapi”, 30kpema, CHONYKH ABYT A? B;"' 3 karionamn # asionamu
3 BOJIHMX | HEBOJHMX PO3YHHIB enekTpostitie [13]. by nyuw npetmsiiinum
CnocobOM  IHTEPKAMOBAHHS, €IACKTPOXiMiYHA IHTEpKanslis BHUMarae
HPOBOJMUTH KOHTPOJIb TPOUECY 3a BEJIMYUMHOK CTPYyMy nonspusauii, i
TPUBAJICTIO, KOHUEHTPAUIEI0 PO3YMHY CJIEKTPOJITY Ta HOro XiMiuyHHM
CK/TaftoM, Beinunnoro pH i nassHICTIO CTOPOHHIX AOMILIOK B eeKkTpodtiTi
i remneparypoio. Ilpore npakTuuHo He3aACKHUMH napameTpamu OyayTh
nepuil /iBa, B TOH 4ac AK TpU OCTaHHi, K NPaBUIO, BXOAATH Y NOCTiHHY
KOHKPETHOTO fipouecy. Enexrpoximiuna inTepkansuis Moxe onucyBsarucs
ABOMA BHIAMH PiBHAHbL BiAMOBINHO IS BIIPOBAJKEHHSA IECONLBATOBAHUX
i CONBBATORAHMX 10HIB (3HAK “+” BiANOBIKAE KATIOHHI iHTepKansuil, a “-" —
aHiOHHI), NpUYOMY MO3HAYEHHs “solv” Moxe O3HauaTH sk COJbLBATO-
KOMIUIEKCH, TaK i acoiiaTh:
Hs + xe” + xGs™ = HsGs,; (1.7)
Hs + xe” + xGs* +y(solv) = Hs(solv),Gs,. (1.8)
Cnin 3ayBaxuTH, WO B 1KOCTI “rocts” (Gs) MOXYTb BUCTYNATH HE TillbKH
iOHH eNeMEHTIB, ane i MO3MTHBHO ab0 HEraTHBHO 3apA/KEHi paJHKann i
mosiekynu. Tax, y poboti [14] nosigomisierses npo BhnpoBaiKeHHs B
IMXanbKOreHifn nepexifinux Mertanis pagukanis TCNQ.

Ockisibky enekTpoximitui cnocoOu inTepkansuii € HaGinbu yyTnu-
BUMH [10 BIUIMBY 30BHIUHIX YMHHMKIB, TO A KOPEKTHOIo X onucy
HGO6X1}1HO BpaxyBam TaKi obcTaBunu:

 — Martepian-“rocnofap” nosuHeH OGyTH XiMi4HO # enEKTPOXiMiHHO
iHAMGDEPEHTHAM Y BUKOPUCTOBYBAHUX JAINAHKAX NOTEHLiaNiB noasipuzauii
(npunaiimMHi, noGiMHi  peakuii  MaioTh  GYTH MiHimizoBani). VY
MPOTHIEKHOMY pasi OyAyTb 3MiHM XiMIuHMX i (i3HUHMX BIACTHBOCTCH
OKPEMHX [iNSHOK MaTpUWi Matepiany-“rocnofaps” He 3B’#3aui 3 iX
IHTEPKAJIIOBAHHSM, & OTXKeE, BU3HAUEHHS edeKTy iHTepKasii 3a cTpyMoM
peakuii Bnpoaamicemm 6yae HEKOPEKTHHM;

- Ans sanobiranis 8 GUILIMOCTE BUNHANKIB PO3KNAJNY CHEKTPORITY. i,
THM  CAMMM, YCYHCHHSI HEOUHOTHITHOCTI BIIPOBA/PKYBAHHX UACTHHOK,
FYCTHHH CTPYMiB HOAsipu3atii nosuHHi OyTH TakMMu, o noreHuyian
ENCKTPOAA HE HEPEBHLLYBAR NOTCHILANY €ACKTPOXIMIYHOT JCKOMNO3ULIT
eHEeKTPONITY,; :

— Y Psitl BUNAJKIB JUts 320e3reueHnsn nocTiiinocTi- 33/JaHoTo NIPOoIeCy
BIIPOBAKEHIS HEOOXiIHO KOHTPOMOBATH 3MiHY PIBHOBDKHOI'O CHEKTPOJ-
HOrO ToTeHitiany, wob 3anodirty HacTaHnio cTa/ii rasoBuniicHus (Ha-
MPUKIaj, 1pH iHTEpKasiii NPOTOHaMu, anionami XJopy, 6pomy. TouLo);

— OCKUILKK MpH eJIeKTPOXIMIuHIH THTEPKAJSIIT NPOECH MOXYTD
MPOXOAHTH, SIK BII3HAYCHO BHIIC, ABOSKHM YHHOM JUB BU3HAYCHHS
Hanpamy NnpoLecy, CJijl HAJICKHHM YHHOM KOHTPOMIOBATH KOHLEHTPAILIO
eACKTPONITY, Ximiuunit cknan Horo posumny, pH i temueparypy. Ilpu
UBOMY CJIJT MaTH Ha yBa3i, O BXOPKEHHS MPOCTOrO YU COALBATOBAHOTO
ioHa 3anekuTh BiJl BHIY Marepiany-“rocnoaaps” i KOHUeHTpauil enexTpo-
nity. Tak, Hanpuknaz, npu inrepkaniosanui TaS; i3 cuiabHo posdasiienoro
posunny H,;SO, Bnposalpkents BOAHIO CYHNPOBOKYETLCA KOIHTCPKans-
wicto Boax [15]). Oamnax npu nepexoji A0 OiILUI KOHUECHTPOBAHUX PO3-
unHiB abo npu tnTepranosanii NbSe; BOHA HPAKTHYHO HE UPOABASETHCS.
¥Y3arani, sik npaswio, B OUIbHI KOHUCHTPOBAHHX PO3UMHAX COJILBATO-
BAHICTb (rAPATOBAHICTL) IOHIB 3MeHIyeThes. KpiM Toro, s nojjonanns
BXO/DKEHHs CONbBATHUX 00O0JIOHOK Cilijt BUOUPATH PO3UMHHWKH 3 Haili-
MEHILOI COJNbBATYIOHO 3JATHICTIO (HANPUKNA/, OpraniyHui posUHHHKEK
— TETPariApoQypaH) i PayloBatTh B AiNsHI{l HEBUCOKUX PYCTHH CTPYMY.

He3paxaioun Ha Te, U0 FOJIOBHOK O3HAKOIO TIPOTIKAHHS ENCKTPO-
XIMIYHOT IHTepKansuii ¢ 3HayHa 3MiHA PO3MIPIB BUXIAHOT MATPHLLL Mare-
pilany-“rocriogapa”, Bce X JUls KOPeKTHOT iaerndikaunii BUAY OTpH-
MYBAHOrO iHTEpKanary ciliji sanayuard Ginblm iHpopMaTnaHi- METOIMKH
(izuko-ximiunoro awamisy: IU-CHEKTPOCKOHNIIO,  MAac-CHEKTPOMETPIIO,
SACPHUI MarHiTHUI pe3oHaHC, PeHTICHOAH(DPAKTOMETPIIO, pajioi3oTon-
HUH MeTO Ta iHUL.

§ 1.3. CrpykrypHi acnekTH iNTePRATIOBA NN

ypd)&OBle‘{H BCJIMKY KIIBKICTD BIUIIB MdTLpldJllB— IOLII()]MDIB I
“rocThoBrX"” KOMIIOHEHTIR, J01 lJl '% s
;1 namamm H&UIGH le PrvEiE

BH3HAYUTH Ti OCHORHI TCHICH l 3 MC E}a (?;{( *‘({i y’b}’a
MOJIH(l)chllllH BUXIAHUX MdlL]’) VB npH IHIQR}S@IWQ!QH(} ldJlOll‘IHHH
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III}lXI)l ()yll(, 3aCTOCOBaHUM | pile] BHCBlTﬂCHHﬂ BIJIUBY lHTepKaﬂﬂllll Ha
disznko-ximidHi BAACTHBOCTI B HACTYHHMX MYHKTaX LbOTO posaiy.

Ylpu UbOMY MH OYJEMO [JOTPHUMYBATHCS BHMLICHABEAEHOIO BU3HA-
YEHHS IHTePKANALIT, 3TiAHO 3 sIKKUM 1H1epxan;{um ~ Le NPOLEC, CYTh AKOTO
HE JIETEPMIHY€ETHCS KIHUCBUM BHAOM i BIIACTHBOCTAMU NPOAYKTY npouecy,
a 3aKiHYYEThCS YTBOPEHHAM CHCTEMM © ‘rocnofiap”~“ricrb” i3 HaZAHHAM ilt
MEBHOIO  CICKTPA  (Pi3uKO-XIMiUHMX B3aeMOAil, sKki ¥ BU3HAYAIOTH
KiHUeBMA npoaykT npouecy. Hesanexuo sin BULY | BJacTHBOCTEN,
KiNLEBNit NPOIYKT € pe3ynbTaToM iHTepKansuii.

Yy KpMCTanoxxMIquomy acmeKTi MiniMisalia eneprii Bzaemogiil y
cucreMi “rocnoaap”-“ricrs” Moxe 3aBepliyBaTHCA Ha cTajil YTBOpEHH S
NEBHOTO BHAY CHOJYKH IHTEPKANALIHHOIO BIIPOBAKEHHS 260 NpHu3BO-
AAUTH 10 4aCTKOBOI YH NOBHOI nepeby0BH BUXiAHOT KPUCTANYHOT CTpYK-
TYPH HaBITh i3 MOXIHBICTIO if aMopdisauii a60 posuuHeHHs 3 YTBOPEHHsIM
FOMOICHHOTO po3uHHy. B ycix uux BHnagkax yTsopeni cronyku iHTep-
KaJISLifHOro BIPOBA/DKEHHS ABJAIOTH COBOIO nonepegHii ctan s
MOXUIHBOrO J0BIIBHOTO BHAY B3aEMOZII.

3miHa KpHCTaJIOXlMl‘-IHOI CTPYKTYPH BHXIiJHOI Manmu BH3Haua-
THMETBCS CMIBBIAHOLWICHHAM TEOMETPHUHMX PO3MIpiB “TOCTHOBUX” KOM-
TIOHEHTIB | MO3MUIN s X po3MilieHHs, a TAKOK IXHIMHU CTPYKTYPHHMH
OCOGHHBOCTS{MH XapakTCpoM Ta BEIMUYMHOIO B3aEMOMIT “TiCTh —“rocro-
Aap”; NPYKHUMH BIACTHBOCTSMHU KPUCTaNi4HOT matpuui. Jns MiniMisauii
eHepru CHCTEMH “rocnofap”“ricts” HeoOXiAHO, 1106 KibKICTh 3B’13KiB

“rocTb0BUX” KOMIIOHEHTIB i3 MaTpHueo Oysa MakCHMajibHOWO, a ii
cheTpm — HaiiBumo:0. tle, y cBoio uepry, moxe Haknagath obGMexeHHs
Ha KUTBKICTb Ta OPIEHTAN|I0 “TOCTLOBMX” YACTHHOK, HEOOXIAHUX Ui KOM-
nencauii po6otu, 3aTpayeHoi wa 3MiHy Kpucraniusof CTPYKTYPH, SKIUIO
iHuIi BKAAAM Y 3MiHY BiJbHOT eHeprii MeHw BiA cTpyKTypHOrO (akropa.
v npomnemaomy Bnnam(y CIIOCTEPIraTHMETBCS MEHWI AeTepMiHOBAHMUI
3B A30K Ml)l( “rocTbOBUM” HABAHTAKEHHAM, OpPIEHTALICKO MOJIEKYN Y
“rocThoBHX” XiNAHKAX | 3MIHOIO KpHCTATIUHOT CTPYKTYpH.

Axio abcTparysaTMcs Bif BIMBY XapakTEpUCTHK KpHCTaTiuHUX
MaTpulb i ENeKTPOHHOI 6yA0BM “rocTboBuX” KOMIIOHEHTIB, TO FeoMeT-
PHYHI PO3MIPH OCTaHHIX NEPEBAKHO KOPENOKTH i3 BENHUHHOI 3IMIHU
KPHUCTaNiuHOI IPaTKu, XO4 HE 3aBXAU Taki 3MIHH MiAAAOTHCS OXHO3HAY-
HOMY aHamizy. Hanpuknan, mani yactumku-“rocti”, 3okpema Li, Na, K,
Br, Fy, B OCHOBHOMY B 3Ha4HO MEHWIIH Mipi PO3IMPIOIOTH KPUCTANiuHy
PELiTKY, HiX BENMKi OpraHiumi monekynu [5, 7, 16]. V Ttoit xe uac Li B
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JMXANBKOreH1ax nepexiiiux MeTalliB 30UILUIYC BiaNam, MK 1uapamu, a
B JIOKCHAI KOGaibTy CIIOCTEPIracThes 1 3MEHLICHHS 11PN 3pOCTaHHi
cTytiens Jitierol iurepkansuil [17]. Ananoriugy cHTYalisn OoMiyaemo i
MpU HTCpKAMOBAHHI AuceneHify tutany cpibaom [18], a B rpaditi aesxi
AOHOPH 3MCHILYIOTH BUAIL MK IPadeHOBUMI 1HAPAMK, a 130XOpPHI iM
aKuernropu 1i s6imby1ore [3]. Takum unnom; BesMuusa i xapakrep 3Milu
CTPYKTYPH B OUIBIIOCTI BUIIAAKIB IHTEPKAIOBAHIS “TOCTLORMMEI KOMIO-
HEHTaMH, reOMETPHUHI PO3MIPH SIKHX (3 ypaxyBauism gedopmaniiinux
BHYTPIKPHCTAliYHHX eeKTiB) MCHUI B MCBHUX HANPAMKAX Bijk BiiNO-
BIZIHUX PO3MIPIB “rocThoBHX” NO3MILIT BHXIAHOIO. KPHCTANA, BUBHAMATH-
MYTBCSA, TOJOBHHM HYHHOM, OCODNHBOCTAME B3ACMOAIT “ricTh™=“rocnojap”,
30KpeMa, 30UIbUICHHAM UM 3MCHIICHHAM NEPEKPUTTS BanendTHUX opli-
Tallel BIPOBALKYBAHHX HAaCTHHOK i CYMDKHHX 30H Marepiany-“roclio-
Aaps”. Y wapyBaTux: CTpyKTypax Taky Moaxpikanio cruocrepirati naii-
3pyusile. Y HuX, sX NpaBuio, BiAOYBaeThes 3MiHA TiILKM NapameTpa
rpaTkH & (11epﬂ€HJIHKyJIﬂpHO RO 1apiB), B TOH 4ac fK Y30BX KpHC-
Tajiorpadiunoi oci @ B nepeBaxHiii OUILIIOCTI BOHA Maa.

Haiimen e posiinpents KpHCTaNiuHUX IPATOK CHOCTEPIraeThest ApHU
iHTepKaloBanti NiTieM, HATPieM, KajticM. 3Mina mapameTpa rpaTkn ¢ s
AMXANbKOTEHIAIB NEPEXiIHUX METaNliB i3 JIiTieM npu  OJIHOMOJIspHOMY
“rocrboBomy” HapaHTaxenHi (x=1) ue nepesuulye 0,52 {19}, a mas
wiapyBaTux HaniBnpoBinnukis InSe ta GaSe sona me menuwa ~ 0;1 - 0,3 A
{20, 21]. Tlpu ubomy naiiGinbu WBKAKA 3MiHA BiLani Mix wapamu 3
POCTOM KOHLEHTpallii JYKHUX METajiB CHOCTEPIracThesl Ha NOHMATKOBHX
eTanax BRposa/mkenss. Lle, wanesno, oana i3 saranbHux BllacTHROCTEl
iHTepKanduii, ulo BigoOpaxae B3aEMO3B’ 30K CTPYKTYpHOT MonHikauii 3
XapaKTepoM 3MiHW CTyNEHs iOHHOCTI BRHPOBAJLKEHOro inrtepkananty. Y
UHX CTPYKTYpaX TaKOX CIHOCTEPIracTbes KOPENsiia MiX 3MiHOIO Behu-
YUHU ¢ i aTOMHUM (IOHMUM) PaiiycoM BIPOBAKEHNHX S-€NEMEHTIB.
AHOMAJIbHE PO3IUMPEHHS KPHCTANIYHOT IPATKH TIPH IHTEPKANIOBAHIT Ty -
HUMH METalaMK BiAMIYEHO JTHIIC Yy BHNAAKY TEPMIYHO-eKCIIO3MUIHHOrO
Briposa/pkerna Cs B wapysati Metanu BicMyr i cypmy. TVT Bijnonenns
flapamerpa rpatku nicns i po inrepkansiii C,, /Cy cranosuno 4,8 [22].

B amdorepuux marpuusax (rakux sk rpadit) npu inrepkamoBaHni
JY>KHHMH METanaMH BHABACHO 30UILIICHHS MDKIUIOIMHEOT Bijgani Ta-
KO0 x HOPSJIKY, K i B JIHXANLKOTEHIJAX NepeXiltiux Mertanis [23], npore
Pp-CNEMEHTH 3HAYHO CHIILHIILE PO3LIMPIONTL KpHCTaniuHy rparky. Tak,
CICKTPOXIMIYHE BIPOBAKCHISA auionis ropy y BUCOKOOpicnTOBaHuil
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HpoartHunKi - rpadit  npuBoAMTL 10 36iNbLUCHHS  BiAZAdi  Mix
IpadenoBumy wapamu y 2,3 pasa. Auanoriuse (y 2,4 pasa) pO3LIMPEHHS
rpadity 3adikcoBaHo npu Horo iHTepkanuii GTOPBOAHEBUMH aHiOHAMMU
HF; [24]. Inwi akuenropu, raki sk AlCls, CuCl,, ICI, Br, SbCls,
PO3LUMPIOIOTL KpUCTastiuHy rpatky rpadity B3goex oci C y 2—3 pasu [25].

ILe 6inbur cyT1CBUX 3MiH O4ATKOBOT CTPYKTYDPH KpHCTaNiB-“rocro-
Aapis” MOXHa JOOMTHCS NpH iX iHTepKamoBaHHi OpraHiYHUMH MONEKY-
JaMH. Y 30IeKHOCTI BiA TXHBOT OpieHTauil B Ainankax Ban-gep-Baansca
MIKIIOWKMHHA BIACTaHb MOXeE 3pOCTH Bl 2 110 20 pasiB. MakcuManbHe
3POCTaHHS XapAKTEPHE MPH BIPOBAJKEHHI JOBrONAHIIIOKKOBUX MOEKYJI.
Bouu posMitiyloThes NpakTHHHO NEPIEHRUKY NSPHO [0 wapiB y Jekiapka
APYCiB, WO MOACHIOETHCSA EHEPrETHUHOIO HEOBXiTHICTIO YNAKOBKH MaKCHU-
MaNbHOI KiIbkocTi Mosiekyn. Tak, y rpaHudno IHTEPKAIbOBAHUX MaTe-
piamax TaS; i Pbl, [26] sianopiaHo n-oxrajeuunamin i n-aelmiamin
PO3MILLYIOTBCS y JBAa #i 4OTHMpHM apH, 3Ginbnyoun MIKTUIOLUHHY
Bifnane Ha 54 i 66,56 A. [Tpu MeHMmIMX 3HAYEHHAX HOBKUHU NAHLUONKKA
C4-Cy (nanpuxnayn, anidaruuni aminu) MOJICKYJIH TOYHHAIOTh OpieHTY-
BaTHCs CAMOCTIHHO NiJi NEBHHUM KyTOM [0 LIapiB aKLENTOPIB eNeKTPOHiB,
a pO3TalllyBaHHJ aMiHIB i3 KOPOTKMMHM JaHLIOXKKaMH (meTunaminm)
3AIACHIOETECA TAKMM YMHOM, W06 iXHs HAZOBIIA Bich Gyna napajenbHa
Ao uMx wapis [19]. [lna opraHiyHUX KOHOPHHX MOJIEKYJI iHILIOrO Kjacy —
KOMMaKTHUX UMKAIuHKX (MinepuAin, aHinid, XiHoiN) — yxe He crocrepi-
FaETECA TAKOi 4iTKOT 3aMEeAHOCTI MDK BETUUHHOIO 3MIHH MiKILIOLHHHO]
BijiCTaHi # po3MipoM Mosiekynu B HanpaMKy aroma asoty. Ilpaktuuno,
MAIOYH HE3HAYHY BIAMIHHICT 32 3a3HAYEHUM CTEPUUHHM (daxTopoMm in-
TepKaJaHTiB, 3MiHa BiacTaHi Mix wapamu Pbl, CYTTEBO BiIMIHHA | CTaHO-
BHTb 7,3 A (3 ninepuainom), 13,04 A (3 anininom) i 23,02 A (3 XiHOMiHOM)
[26]. Takum uunOM, crepuunmii Qakrop MoxXe TiNbKH napamMeTpu4HO
BIIMBATH Ha TEHACHLIIO 3MiHH BUXiAHOT KpucTaniunoi rparku. Hail6inpiu
IMOBIpHO, IO Takuii caMuii BIIHB MaTHME Miciie OKpEeMO Ha XiMiuHy
npupoay “rocrnonapis” i okpeMo — “rocreil”, OCKisibKH He BUABIECHO CyT-
T€BOI pisHuui B Monudikauii kpucTaniunux CTPYKTYD ANA Pi3HUX TUMIB
MaTepialiB-“rocnonapis” i “rocTbOBHX” KOMIIOHEHTIB: 3GiNbIICHHS Midk-
mapoBoi BiACTaHi B Mexax 6-8 A xapaxrepuo xns SnSe, <KODATBbTOlEH >
[27], CdPS; <depouen> [28], FeOCl <nepusierr> [29], a B Mexax 18-20 A
— ang Sn(HPO,), <aninamiu> (30], Bil; <ninepunin> [31] 1 AgyF <6en-
30HITpun> [32]. 3ayBaxumo, W0 OCTaHHI 3 ABOX CMOJYK BIPOBa/KEHHS

BIAMIHHI sk 3a TunoMm “roctedl” (minepumin — JIOHOp €AEKTPOHIB,
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GCH3OHITPHA — aKuenTop), Tak i 3a GI3HUHOI NPHPOAOIO ATOMIB, 3 AKHUX
yTBOpeHi wapu (Ag — Meran, | — raioren). TakUM YHHOM, MOXKHa BBa-
KATH, 11O TEHJEHIIA 3MIHKH  KPUCTANIYHOT CTPYKTYPH Matepianis-
“rocnofapis” BH3HAYACTLCA, FOJOBHAM YMHOM, XapakTepoM Garatouac-
THHKOBUX B3AEMOAIR B CHCTEMi “rocnofap™“ricts”, BKIIOYAIOUH SIBHY
dyHKUiOHANBHY 3afeXHICTL Bil edeprii 06MiHHOT B3aCMOAIT “ricTs ™
“ricTs” Ta “rocnogap”-*ricts”. 3aNenHICTh BiX TAKUX TapaMeTpiB, K cTe-
puunuii  (aKkTOp, NPYXKHi BHACTHBOCTI BMXiJHOI MaTpuuli, OKHMCHO-
BiJIHOBHA NPUPOAA “TOCTLOBMX” KOMIOHEHTIB, B OCHOBHOMY, Ma€ fapa-
METPHYHHUI, OnocepeKoBaHuil xapakrep. Hanpuxnan, y KoHkperHomy
Marepiaiti-“rocrnosapi” pisHuus B xapakrepi 6ararouacTHHKOBHX B32€EMO-
A MICAS BAPOBAKEHHS Pi3HHX 33 SHEPreTHUHOIO CTPYKTYPOIO MAHX |
BEJIHKHX UaCTHHOK-“TOcTell” NPHBOMHTHME [0 TOrO, WO TS MAKCH-
MaJibHOT MiHiMi3auii eHeprii cucTeMm repuli posMicTaTbC B jeKinbka
WapiB, 3Ha4YHO PO3LUMPUBIIN KPUCTANiuHy IpaTKy, B TOH u4ac fK IS
ApYTHX y ubOMY He Oyae notpebu, a omie, rparka Gyae Menur 3nedop-
MOBaHOI0. [IpoTe B pafi BUNAAKIR OKpeMi HesHi napameTpu AAs KiHe-
THYHHUX XapaKTEPHCTHK NPOLECY iHTEPKAMOBANHA MOXKYTh CTATH SBHIHMH
if HaBiTH BU3HAYATLHUMU. '

CuMerpis BHXIAHOT kpucTaniuHoi rpatku B pesysibTaii inTepka-
JIOBAHHS MOXE He 3MIHIOBATHCH, MIABATHCS NONITHITHEM | (a3oBUM
3MIHAM YM HaBiTh cTaTh noswicTio amopduoio. Haipuknag, LiTiS, i sei
iHTepKkanboBaHi ceneHigu meranis IV rpynu maiors 1T CHMETPII0, SKOIO
BOJIOAIIOTh 1 HEiHTepKanboBaHi cucremu. OaHak ans LiZ1S; 6yna Buas-
neHa cumetpis 3R, npuuoMy Mana micue (asosa 3mina sig 1T no 3R cu-
meTpii npu x = 0,25. Ha aymky Mak Kintio [1], ue moxe BinGysarucs 3a
paxynok Outbul cnabkoro kyNnoHiBCLKOIO BiAWTOBXYBAHHA MK aTOMamu ;
metanis y 3R-cTpykTypi, B AKiil Bei cyciuui atoMu Meranin posmitieHi sa
cxemoio (AbC[a]BcA[b]CaB[c]AbC...), ac {a], [b], [c]... ~ aTomu ayxHo-
ro MeTany, Ha npoTuBary GuIbI CHALHOMY BiAWITOBXYBaHHIO B 1 T-Mo/H-
bikauii, nge Bci atomm merany posmimeni GesnocepenHso oMM Han
apyrum. Criiikicts 1 T-ctpykrypn 8 LiTiS,, LiTiSe,, LiZrSe,, fiMoipHo,
BUHUKaE BHACAIOK Manoro posmipy atoma Ti B nepuiomy Bunaaxy i
Oinbioro posmipy aroma Se B iHUIMX ClOJyKaX, YPaxoByodu CHiibHE
CKPaHYBaHHA aTOMa MCTANy OTOUYIOUMM OKTACAPOM XalLkorewis. Binbiu
koBajeHTHa npupoaa TiS, i TiSe, Takoxk BHIMBAEC HA 3MCHIMEHHS BIHBY
KyJIOHIBCbKOrO Bigurrosxysauus. 11pore wac ctpykrypuoi peoprauisauii,
NOB’3aHOT 3 NEPEXOAAMH B CCPCAMI NONITHIY, AKi 3MIHIOIOTH KOOpAH-

2t



HAIIO ATOMIB, HC3BAXKAIOMM HA TEPMOAMHAMIUHY BUTOLY, iimoBipHo, 6y e
AYXKC BEJIMKMM HCpE3 BUCOKE 3HAUCHHS €HEPreTHHHOro 6ap’epa Hboro
npotuecy [33].

Pisni Tenpenuii Bun03MiHK kpucTaniumoi rparku Martepiams-“rocno-
AapiB” XapakTepHi i [uist cnonyk Ginbl CKAaAHOT XiMiaHOT Oynosu. Tak,
AR WapyBaTHX MOHTMOPUIIOHITIB BiAMadb MDK LIApamu NpM BHPOBa-
JOKCHHI OAHOT'O, IBOX YH TPbOX LUapiB BOJM CTAHOBMTH, BIANOBiAHO, 12 A,
15 A, 19 A, roni sk ans rpaTkoBux a0 KaHaTbHKX LCOMTOBHX CTPYKTYp
3HANHOT AMCTOPCT KpUCTANIMHOT IPAaTKH He BUsBEHO [34].

HasBauil criekTp GararoyacTMHKOBHX B3aeMOAiH “ricTh”—“ricts” i
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“rocnozap”™“ricTb” y KOXHOMY KOHKDETHOMY BMNIAJKy BH3HAYATHME He
TIIbKK 3MiHY BHXIAHOI KpMcTaniuHoi CTPYKTYpH, ane H XapakTep noka-
nmisauii Ta BHQpﬂ}IKOBaHOCTi “roctboBoi” nigcucremu. Ha ii BIIOPSif~
KOBAHICTL MOMITHO BIUIMBAE CTPYKTYPHA TOCKOHANICTh KPUCTANLY-"“TOCIIO-
Aaps” Ta BAKOPUCTOBYBaHI METOAM BIPOBA/KCHHA. MOXHA BULINIUTH 1Ba
crnocobu nokanizauii BNPOBAMKEHHX YACTHHOK-“TOCTeil”: PO3MILLIEHHS X
¥ “rocteoBuX” Mo3uuisx i Mokanisauicio mosa HHMH, TOOTO B LIapax 4u
KapKaci BUXiAHOT CTPYKTYPH, NPHYOMY OCTAHHE BIAHOCHTECS HE TilIbKH 110
BHITA/IKY 3aMILIEHHS 3 PAXYHOK XIMi4HOI peakuii B cucTeMi “rocnopap”—
“ricTs”, ane B pAAi BUNAAKIB MOXE peaslizoBYBaTHCS Ha CTafii YTBOPEHHS
CHONYXM IHTEpKaNAuiliHoro snposasxenus. Taka He3BHuyalua curyauis
CHOCTEpIracTbCs NpH iHTEPKaMIOBaHHI BOAHIO B IuCyIbdin TaHTany.
Beegeni npotoun B 1T-TaS,, (cnonyka Ho33TaS;) posrawosani B Terpa-
CAPHYHHX MO3MUIAX WinWHM Ban-nep-Baanbca, a B 2H-Ta$,, (H,TaS;)
BOHM 3aHMaIOTL MOJIOXKEHHA BeepenuHi wapy [35]. 3 TEPMOAMHAMIYHOT
TOUKH 30py HE BHKMIOYAIOTLCA BUNAAKM i 3MiWaHOl slokastisauii intep-
kananty. Ilpote cboroasi He BiaoMi excrepumenTanbii poboTH, B SKUX
Oyno 6 3HalAEHO TaKuil CcTaH.

3a cnocoboM yNopsAKYBaHHS “TOCTHOBHX” KOMITOHEHTIB MOYHA
BH/IUIMTH TPH BUIIAIKH:

1) XxaoTHUHe, BHNAJIKOBE PO3MIILICHHS;

2) ynopaakyBasHs B IEBHOMY HANpPAMKY;

3) HaABHICTb JANBHBLOTO NOPSAKY B AOBUIbHIA YaCTHHI iHTepKanary.

OueBHAHO, 10 ANS POIrNAfy NPUYMH i ABHUL YIOPSAKYBAHHS MH
NOBWHHI abCTparyBaTHCsi Bill CTPYKTYPHOI HENOCKOHAIOCTI BUXIIHHX
MaTpuub, 4Ka B pealbHUX BHIIAJKaX MOXE 3HAYHO MONOBHIOBATH #f Tak
AOCHTb LIMPOKHH KJIAC CHCTEM “rocnofap”™“ricTs” mepiuoro THITY BMO-
PAAKOBAHOCTI. JIo HLOTO HANEXUTHL PR CHONYK IHTEpKaRSHIHOrO BOPO-
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Ba/DKEHHA, B SKUX Y NEBHUX TCMICPATYPHUX IHTCPBANAX €HEpris B3ae-
MO MK 4aCTHHKAMU-“rocTsaMu” He Mae xapakrepy OGiu3bKoAiYOro
BIJULITOBXYBaHHS, a PiBeHb NaJLHOAIIOMUX NPYHHHUX CHII € JAOCTATHBO
Hu3bkuM [1]. 3Buuaiino, ciaij BUKIIOYATH TOUKK CIBMIPHOCTI B iHTEpBali
3HAYEHDL X, [IPY SAKMX B ijeansHifi marpuui 3alusti “rocTeoBi” nosuwil,
kpathi n (1, 2, 3). Y cuny HEMOXIHBOCTI TOYHOIrO FapaHTYBAaHHS ifeab-
HOCTi BUXIAHOT CTPYKTYpPH MOXHA TilbkH HA OCHOBI Garathbox excrepu-
MEHTaJIbHUX JIAHUX HABECTH KOHKpeTHHI npuknaj. Ha iioro poss, Hacam-
nepen, nperenaysarume cucrema Li-TiSe; [19].

Ha npaktuui naliuacriue (iKCyl0OTHCA MPOUESCH BIOPSAKYBAHHS B
niesHomy Hanpsami. Hacamnepen ue BiAHOCHTBCS N0 MATPHUb i3 CHIABHO
aHi30TPONHUM XapaKTEPOM NPYXKHHX HANBHOAIOUHX CHIl | eKpaHyBaHHSIM
KyfoHiBebkol B3acmonii. OcoBRHBO BHCOKHH CTYNiHb YNOpPAAKYBaHHS
BHABNEHUA B3JOBX LIAPIB IHTEPKANbOBAHMX CIONYK rpadiTy JIyKHAMHU
MeTanamu nepoi cragii. TyT npossiserses cymipna (2x2) naarparka i
“roctboBoi” migcucremu K, Rb, Cs i (V3 x /3) - vaarparka ana Li [3].
MepesaxHo NOCTiltHi rpaTKu B NPOMIAPKY IHTEPKANAHTy Ginbiui BiA rekca-
FOHAILHOTO NapameTpa d, MaTpHLi BHACNIAOK TOro, WO jOHHI paniycu
IHTEPKANAHTY | BHYTPIMONEKYAPHUX CHJ1 3B’13KY B OCHOBHOMY Oinbiui,
HIK BIANAI MIDK aTOMaMH BYIJICIIO B NIOWMHI wapis rpadity. Ynopsa-
KyBaHHs B Npouiapky inTepkajanty ayxe nojiOHe N0 BHOPsKYBAHH
fioro y suxigHoMmy marepiani. ToMmy B Ginbuiocri Bunagkis “rocrropa”
nigcucteMa i rpad)eHOBi 1apu HecniBMIpHI, TOGTO He BIANOBIAAIOTL OAHH
OJIHOMY 3a CTPYKTYPOIO, XO4, 3BH4aiin0, it Mae Micue JOKabHa KOpENALis
MiX aTOMaMH NPouIapKy i NPUAATalOMHUM 1apom rpadiry.

Halibinbil Bakko BHSBUTH HAJAIPaTKM B JITIEBUX KOMILIEKCaX,
IMOBIPHO, Yepe3 He JI0CHTL BUCOKI koediuichtn audysii Ta Hu3bKi 3Ha-
deHHs eHeprii B3aemonii Li-Li (~ 2.5 «T). Penrreniscbkumu metojamu
BCTAHOBJIEHO, W0 Tibkn B cucreMi  Li,TiS, nobpe npossaserbes
HaJirpaTKa (V3 x3 Ya npu x=1/3 [36, 37]. Binbw nerko AOCATHYTH
BMIOPsIAKYBaHHs {OHIB cpibna B auCyindini Ta aurenypuni tutany [38,
39], siki B UMX MaTPHLAX XaPaKTEPU3YKOTHCS BHCOKOK PYXAMBICTIO. Sk
creepxyiors Xamnak i Jli [37], nosiBa unt BiCYTHICTE YNOpAAKYBaHHA Y
BeNUKIH MIpi 3aN€KHTHL Bijl BHAY BIPOBAIKYRAHOTO i0HA 1 IMBHAKOCTI
foro srnposagpxenus. ToMy enekTpoXiMiuHHIH METON IHTEPKANIOBAHNS €
AYXe LIKaBUM Yy TOMY MJaHi, WO JO3BOJAE B LIHPOKHX MEXax pery-
JOBATH IUBMAKICTL YNPOBAKEHHS aHioHIB ul Karionis. [liicno, namu,
3aCTOCOBYIOUH METO/l PaJlOAKTHBHHX IHJMKATODIR, YCTAHOBNGHO TiCHUI
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WSI0K NapaMeTpiB  eNneKTPOXiMivHOro IHTEPKAIIOBAHHS  $-€JICMEHTAMM
MOHOKpHCTaNB InSe Ta Gase 3 po3noaiioM “rocTboBore” KOMIOHEHTa B
MaTpuii MoHokpuctanis [40, 41]. Ilnst ismmx BUIIAKIB GUIbLI npuaaT-
HUMH MOXYTB BHUSBHTHCS DIBHOB@XKHI Cl10CO6U BNpoBajkeHHs. Tak,
TEPMIYHO-EKCTIO3HIIAHI METOM IHTEPKATIOBAHHS BUABUAUCS HalGinbiu
3PYHHHMH JJIsi peanizauii TpeThoro cnocoby BROPSAKYBAHHS “FOCTHOBOI
MiJICUCTEMH, OCOBIMBO y BMNAJKY BIIPOBAIKEHHS OpraHiyHMX MOJIeKy 1.
3rinso i3 [42], 3Haxopsuuch y KOXHOMY MIKIIAPOBOMY ripoctopi Pbl,,
XIHONIH, HOHiNaMiH, neuunamiu, AUMETHIILETUIAMIH  YNOPSAKOBYIOTbCS
TAKOX | B IEKCAroHafbHUX MIIOLHHAX, YTBOPIOWOUYH HalIpaTKy 3 nepiona-
MU BIATIOBIOHO 44y, Sag, 6ag i Tag, ae Gy — BHXiJHHI mepion rparku.
Mosexynu nipuginy B IvcynbQiai TaHTamy yTBOPIOIOTH HaaIrpaTky
B3710BXk ocelt C i a 3 napamerpamu, ixnosigso, 9¢0 1 (243 x 13)a {7, 19].

Posmilenns aromis intepxanauty s TPUMIPDHHX WINiHEAbHUX (a3ax
Fe;O4, Mn30O4, Co50,, LiMn,O,, LiTi,O4 i LiV,0, BiAGyRacThCs 3a
TPUMIPHOIO CITKOIO MiXBY3€AbHHX NMO3MUIH, yTBOPEHOK OKTaeApamu 3i
CHUTBHAMH rpanamu. Astopu pobGotn [43] BkasyioTs Ha iCHyBaHHs KOM-
nosuuikaux cknapie LiFe,Q, 3 IMOBIDHO BHOPSAKOBAHOK “FOCTHOBOK”
nincucremoro. JIiTid i wartpi, iHTepkanboBaHi y docdari BONbGPaMOBI
6poH3yj (POLW(WO3)gm i K(P;04)(WOs)s, POBMILLYIOTHCA B KaHANax i
Micusix ix neperuny. [laui PO iX YNOPAAKOBAHICTH 4M PO3ynOpsj-
KOBaHICTb BifCYTHI [44]. Y neonitax, fiki BISIOTE cO6OKO MaKponopUcTi
KpUCTaliuHi amoMocumikaty, iHTepKaiaHT posMmiwyerbes B kiitkax abo
TYHEJAX, 1O MAOTh PO3Mipu BiJi 3 110 10 anrctpem. Siuenuuuii npocrip,
AKHH MOXe mpencTasasT xo 50 BizcoTkip KpucTaniyHoro o6’emy, micis
BaKYyMyBaHHA LCOMNTY 3/aTHull akyMyMOBATH Pi3Hi “TocTboBi” CIOJIY KH
AK HEOpraHi4HOT (MoNeKy NApHuit #oz, amiak), Tak 1 oprasiugof (ankeuu,
apOMaTH4HI AIKEHY) IPUPOLH, IPHIOMY SK HeHTpanbHi i 3apskeni [34).

OnHuM 3 0co6HBHX criocobiB pO3TallyBaHHs YaCTHHOK MaTtepiay-
“rocTsa” € iX CrafifoBaHHs, KOAM “TicTs” BXOAUTH TINBKK B IESKI 3 aoctyn-
HHX JUIAHOK MiX IapaMM KpUCTanidHOT matpuui. Criofyku inTepkano-
BaHHA 3i CTaAilOBAHHAM n-ro MOPSAKY ~ L€ CMOJyKH, B SKMX BMPOBa-
IXCHHS BIAOYNOCS TiNbKU B KOXKHUH n-if MIKUWIAPOBHE MpOCTip; TOHTO
IHAGKC 1 10Ka3ye, CKiibku WAPIB KPUCTAIYHOT CTPYKTYPU 3HAXOAUTHCS
MDX Wapamu iHTepkanaHty (puc. 1.4). YV psai sBumankis COIBICHYIOTH
ACKiNbka pisHUX CTafill, npuyomy B crami PiBHOBark BOHH MOXYTh 6yTH
H006pe BIOPSIKOBAHHMHY.
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Puc. 1.4. Crpykrypa ii po3surok craniit npn
iHTepKanioBaHHi rpadiry.
3umsy Bsepx: TPETii, Apyruil Ta nepumil cryneni

HAxuio mpu cranii 7 3a1aHnit NOPSIOK ynakoBku MOBTOPIOETHCS pery-
NApHO B30BK oci C i 0pH ULOMY B IAHOMY HANPSIMKY CIIOCTEPIracThes
OLHOMIPHHH HanbHI NOPSAOK, TO TaKa CHONYKA HAMBAECTHLCS HHCTOIO
cragieto. Ipn kiMuaTHil TeMnepatypi 611b1ICTL YIPOBADKEHUX “rocTel”
YTBOPIOIOTE PO3YNOPSAKOBAHI NPOIIAPKH, & NPH HU3BKHX TEMIEPaTypax
MOXIMBUH niepexifl THIY “nopsiok—6e3nopaaok”, akuii He MiHsc cTafii
CHONYKH. N

HaiiGinbin oOrpynToBana Monesb, ska MOACHIOC POIBUTOK CTaiii
npu iHTepKamoBanni, 6yna anpononosana s rpadity Jlroma i [eponp-
aom y 1969 poui, a reopernuni poGoru Cadppana it Xamauna (1980), Jlana
A Xaepinra (1982), baka ii ®eprioca (1985) pawors 1i geranbhe o6rpyH-
TyBatns [16, 3]. 3rigso 3 pesyasraramn Bkasauux pooir, BIPOBAKEHHA
“rocTbOBHH” KOMIOHEHT MOXe OyTH NpPUCYTHIl B KOMHi BaK-Aep-
BaabCOBIA AINSHIN, NPUYOMY Mac Micle YTBOpPEHHs Knacrepip s
popmyBanHs oCTpiBUIB abO AOMCHIB YHACHIAOK B3acMOMIT UPHTATYBAHH S
BIIPOBALKCHUX KOMITOHEHTIB. [lpn wpomy eneprist npysmnoi. nanpyru ¢
noMisyiovolo pymifinolo cunoto. Tlesny posns Bigirpac i kynonisebka
B3aeMOZsl, ane Ans rpadiTy BOHA HE TAaK iCTOTHA 4YEpe3 eKpaHyBaHHs
Tomaca~Mepmi, kpiM  BURAAKY, A¢ HEOOXIAHO BHAHAYATH KiHLCBHIl
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pisnosaxuuid cran. ioma i eponba 3anpONOHYBAIM TAKOXK MOIENb
YHIKaNbHOrO SBMILA-NIEPETBOPEHHS CTamiii B IHTEpKaNbOBaHOMY TpadiTi,
AKA 3BOAMTHCS A0 JOKA3y BIACYTHOCTI IIOCKMX BYIIEUEBHX Wapis
MaKpOCKOMIYHMX PO3MipiB (~ 1 MM); TO6TO KpuBU3HA WAapiB Byrieuio nac
MOXJHMBICTb PYXy iHTEPKANAHTY B NOIEPEUHOMY HaNpPAMKY, NOB’SA338HOMY
3 PO3NOBCIOMKEHHSM KPHUBU3HHM, IO | MPUBOAHTH 4O MOKJIHUBOCTI
NEPEXOMIB 31 CTafil 1 Y CTaAito m.

Excnepumentn nokasyrors, wo rpadit Haifuacrime YTBOPOE CTaAiii-
H1 IHTEPKAJaTH, OAHAK ABULIE CTAAIOBAHHS CHOCTEPIraeTbes i B JAeAKux
Auxanbkoreninax metanis [19, 38, 39], wapysatux cunikarax [34, 45],
TpHOkcuai Bonbdpamy [34]. V auxanbkoreninax NepeXiiHUX MeTasiB
OMMHHYHUH KPUCTANOCTPYKTYPHH WIap CKAANAEThCA 3 TPbOX aTOMHHX
MAApIB XanbKoreHy-Merany—xanbkoredy. Le 6ibiu xopcTka cucrema,
Hix rpadenosuii wap. Tomy i piBeHb NANBHOAIIOMUX MPYXHUX CUi, sKi
A2I0Th MO4ATOK DOIBUTKOBI CTajiif BMCOKOro mopsaaky, 6yae Huxumii.
Bigomo Takox [3], wo uusbka rycruna rpadeHoBux wapis cnpuse gane-
HbOMY MOPSJKY; IHAEKC CTafil B CHONYKAX iHTEPKANIOBAHHS rpagity
Moxe nepesumtysath 10, Toai sk npu iHTepkamoBaHHi aucynbdiny
TaHTany CTCapHHOBHMH aMIJaMU BUSBIICHO JIMLIE APYTY CTajilo ClONYKH.
Ile nosicuioerses tum [19], wo kinyesoro IPYIIOI0 CTEAPUHOBOIO amigy ¢
CONH,, ska xapaktepusye MEHIl CHIIbHUI xapaktep nyris Jibroica ais
aMifiB MOPIBHAHO 3 aMiHaMM, IO HPUBOAHTH A0 CUJILHOT B3aEMOAIT 3
wapamu TaS,. 3 Touku 30py Ganancy ewepriii, nana CHEpris B3aeMofii €
GinbLIOO 33 TY, KA KOMNEHCYETLCS TS AOBINBHOTO MOMIIHBONO JaHiora
3@ paxyHOK B3aeMOAIl wap-iuap, sk i y sumaaky cragii I KOMILIEKCY
cTeaprHoOBOro aminy. Llle mewina Tenmenuis 1o YTBOPEHHS CTaAifiHux
IHTEpKaNaTiB CHOCTEpiracThes B INAPYBATUX cHiikaTtax. Y poGorti [45]
aBTOPH CTBEPIKYIOTE, IO NPABUILHUH ONMC CTANIIOBAHHS B CIIONYKax
iHTepKkamoBatHs rpadiTy, AUXaNbKOreHiain NEPEXiIHUX METANIB Ta INu-
HUCTHX MiHepalliB AOCATaEThCs MiAGOPOM CHJI PHTATAHHS i BiJILLITOBXY-
BaHHS.

Takum vuHOM, AN KOXHOrO THRY BIOPSAAKYBaHHA—PO3Y HOPsiJ-
KyBaHHA BY3NB KPHCTANI4HOL IDATKHM, IPATKM iHTEPKANAHTY, MiXLiapo-
BOTO pO3MIWICHHs Ta BIOPAAKYBAHHS MOJEKYNAPHHX OCeH y Mipy mis-
BHLICHHS TEMIIEPATyPH CHOCTEPIracTbCs NEPETBOPEHH “Nopsnok—Gesno-
PSROK”, MPHYOMY KOXHOMY pi3HOBHIY BIiANOBifac cBoOS TEMAeparypa
NepeTBOpeHHs. BHyTpimwapoBe BHOPAAKYBAaHHS 1erko AOCATACTHCA
BUABNACTLCA B IPadiTOBMX 3aNMLIKOBUX CHOMYKaX, TOAI sk MDKLIAPOBE
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BIHOPAJKYBAHHS MOXHA 3a0€31€UMTH TINLKH NPH CTPOrOMY KOHTpORi 3a
napaMeTpamH PeKHUMIB NIPOBEACHHSA 11POLIECY.

§ 1.4. dazosi nepersopenusi, 3ymonjecHi npouecamu intep-
KaJaauii

Ak yxe 3a3nayanocs, IiHTEPKANATH B 3araibHOMY AachekTi e
HECTEXIOMETPHYHUMHU chostykamu. Y RinsHUi KOHUEHTPAWiHHNUX 3HA4EHb
icHyBaHHA x, X da3sosuii cTan Moxe OyTd abo opHodaznmM, abo ABIATH
c0o00I0 NOYEProBi CErMEHTH CHIBICHYBaHHA pI3HMX (a3 — Tak 3BaHHX
ABO(A3HUX ALASHOK, SIKi, KPIM YCHOro, MOXYTb GyTH posaiieni ofHodas-
Hiumu (GepronniTuumu) intepanamu. ITix dasoto cnoayk inrtepxano-
BaHHA CJIJA PO3YMITM CTaH CHCTeMM “rocnogap’-“ricte”, skuii,.OmHO-
3HAYHO OIUCYETLCS CYKYNHICTIO 1apaMerpiB, B IKY BXOJATb: XiMiuHHit
CKJIal, CTPYKTYpPa, CROCI6 po3MillleHHs “roCTbOBUX” KOMMOHCHT Ta CH-
MeTpis “rocThoBOI” HifcHcTeMH. VY 3afeXHOCTI BiA KOHUEHTpalii x i
TeMrepaTypy CROCTepiracTbes Winmuil psin (asoBux nepexopis: Hene-
pepBHHX, NepuIoro, Apyroro i 2,5 popis. Jlnst iX excnepuMentanbHOro
BUABJICHHSA Ta BCTAHOBJEHHS iX NPHPOAN Haliyacrilie BUKOPUCTOBYIOTH
METOIM  KaNopuMeTpii, peHTreHodaszosoro amanizy Ta CHEKTPOCKOT|
eJICKTPOAHOro norenuiany. Haibinni yHiBepcaibHUM 1 LOCTYNHUM €
ocranHii [1, 46], ockinbkn Ans KaTOPUMETPHUHOrO METOJY XapakTepHa
HEBUCOKA TOYHICTH 1 BiZIHOCHA CKJAJHICTb €KCHEPUMEHTANBHOrO 0671aj-
HaHHs, @ PEHTTCHOCTPYKTYPHI METOAM MOCITIDKCHb HE MOXHA 3aCTOCY-
BATH JUIs aMoOpdHUX iHTEPKANLOBAHMX CHCTEM Ta IS BHNIAAKIB, KOAH
PETHKYTIAPHA CHEKTPOHHA I'YCTHHA BIPOBAKEHUX aTOMIB 3HAYHO MEHLIA
BIZl TAKOi XK y Marepiani-“rocnojapi”. ¥ Takux BHNAJKax Ha peHTreHorpa-
MaX NPaKTHYHO He (IKCYIOTh (Ha30BHX MEPEXOMiB, 0B’ A3aHNX 3i 3MIHOIO
cTaHy “rocTbOBOI” MIJACUCTEMH, SKILO NPH [LOMY HE 3MIHIOCTLCS 100~
HEHHS BKKHX aTOMIB,

Opnicto 3 HailBaxIMBILIMX 3aa4 Teopil inTepkansuii € BCTaHOB-
JICHHA 38°A3KY MiX BIACTHBOCTAMH fli/ICHCTEM “l"{)cr‘iojl'(‘;pyx” i “rocra” Ta
dazosumu xaparepucTHkamn iX cnisicaysanns. [1pore na  Chorogni
HAKONMYEHO HEAOCTATHLO CKCICPHMCHTAILHUX AAHRX IS OJAHOZHAUHOI
BIAOBIAL Ha ne 3anuTanus. Moxkua aMie JoRyckarTi, 1Wo iCHYE [IeBHA
KOpeNauia MK CHJIOI 3B™S13KY “Tocnofap”™ricts”, Xapakrepom. B3ae-
MOAIl “ricTh™“ricth” Ta (a3oBUM CTaHOM inTepkanary. 3okpema, npu
cnabifi B3aeMOJT BIPOBA/DKCHUX ATOMIB 1K MiX CODOIO, TaK i 3 mapamu

27



KPUCTaIiMHOI MATPHUI, TA NPU BUCOKMX CTYNEHSX BUIBHOCTI KONUBAL-
HOTO pyxy “rocrei” mnaifuacrimie npu HopMaibHHX YMOBAaxX cnocrepi-
raerees onuopianui dasosuit cxsnan (nanpuknan, LicTiS, (O< x <1) [47);
Cu,TiS; (0< x < 0,7) [48]; rpadir, inrepxansosanuii eJIEKTPOXiMiuHO
HyS50,, HCIO,, HBE,, HoF, [49]). ¥ GaraThox BHnagkax 36inblieHHs
KOHUCHTPAILIT BNPOBADKEHHX “rOCTbOBHX” KOMOOHEHTIB NPU3BOJAUTL 10
1CPEXOJly Bia OAHOGA3HHUX [0 JIBOGAIHHX CHCTEM. Tak, nns LiMogSyg i
1.i,MogSeg B inTepsani 0 < x< 1 napaMeTpH CUCTEMH NIABHO 3MIHIOIOTHLCS
3 X, IO BKasye Ha Te, WO MaTepiajs 3HaXOAUThCS B OAHIM (asi. V wux
KOHUEHTPaUiiiHUX JinsiHkax nobpe 3apekoMenzyBana cebe Mopenb
TpaTkoBOrO rasy, 3anporoHosaHa B [46]. B intepsani 1 <x<4 i
Li,MogSeg BcTanoBACHO YOTUpH ¢a3u: ABi pomboeapuuni, pomboeapuuna
3 HecmiBMipHOw jedopmauieio i Tpukninna. Lle BYXYa JUISHKA x —
icHyBaHHS ojpHo(ha3Hol cHcTeMu CIIOCTEPIracTbCsl B OKCHAAX, Y SKHX
“rocTpoBi” no3uiii YTBOpEHI aTOMaM¥ KUCHIO, sKki ciablue 3B’s3an] 3
aTOMaMH 1apy, HiK XanbKoreu uu ranoreud. Hanpuxnaa, nitiit 8 mitiji-
Mapranuesux iumisensx LiMnyO4 B ginsuui 0<x <125 icHyBanHs
cnonyku Li(,Mn,O4 npusoguts j0 crnisicHyBanus KyOiuHOl i Terpa-
rouanpHol ¢as npu 0,1< x < 0,8 [S0]. Lli x dazu CHIBICHYIOTh | B iTiii-
3ani3HAX wiidenax LiFesOyg, 10n0BHIOIOYH criiBichyBanns a3 ynopsgko-
BaHUMH H pO3yNOpANKOBAHMMH iOHaMM JiTirO i 3aji3a [43]. Lle 6inbury
PI3HOMAaHITHICTH (a3oBHX CTaHiB ACMOHCTpY€E BOJAEHH, BNPOBAIPKEHHH Y
V,0s. MeTon criekTpocKkonii eNeKTpoHOro noteHuiany BKasye Ha icHy-
BaHHS B CHCTEMI H2,V,0s5 v BignocHo Helwmnpoxkid ainsaui 0 <x < 1,7 ax
WATH Pi3HUX nBodasHuX AinsHok [35]. Hpu nepexoai B paai nyxnux
meranis Big Li g0 Na, K, Rb, Cs, upo XapaKTEpU3yOThCH BiNbLIOKH
BIJHOBHOIO CHJIOIO, CMOCTEPIraeThCsi TEHACHWI 10 3BYKEHHA AUIAHOK
ICHYBaHHA OZHOPIZHOT (PasoBoi cucTemu. 3okpeMa, 3a naHUMM poboTH
[19], K, Rb, Cs i Sr naioth pinsHku chiBiCHyBaHHs pisHux das y M;MoS,
npu x = 0,4; 0,3; 0,3; 0,2 Bignosigno, a Li,MoS, i Na,MoS, xapakre-
pusytotecs oaHodasHum cravoM. He cxusnbhi YTBODIOBATH OAHOPIAHI
(ba3oBi cucTemMu npu iHTEPKANIOBAHHI CHIBHO NONSPU3YIOYl IOHU BOAHIO
Ta cpibna. Y nuxanwkoreHinax nepexignux meranie iz H uu Ag crnocre-
piractbcst iCHyBaHHs ABOdA3HHX LiNAHOK, ILO q4epryioTbes 3 oanodas-
Humu. Tak, ans cnomyku intepkamonauust Ag,TiS, (0 <x<04) ¢ tpu
oaxogasHux ainankn: 0,05 <x <0,09; 0,1 <x < 0,21i031 <x<0,42.V
NPOMIXHUX IHTEPBANAX X BUHUKAIOTH ABOQa3Hi reTeporewni cymiwi, a
npu x > 0,42 tpera dasa cnisichye 3 MeTaniduum cpibnom [51]. Hdas
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AgNbS; (0 <x <0,76) cnocrepiraloThCst iBa KOHUEHTpaUiliii iHTepBany,
B sxux ¢a3oBuil ckaan oaHopiguuit: 0,22 <x <0,30 ta 0,55 <x< 0,76
[52]. Ilpyu Beix iHIWHX X CHiBICHYIOTH ABI (azn. .

Dazosi nepexonu B cucteMi “rocnoaap”™“ricts” MOXyTh Blﬂ6yBa-.
THCS HE TUIBKM TpU 3MiHi CTyncHS iHTepkansuii (.x), ane i npu 3Mini
TemrepaTypu, THcKy H T.1n. Hanpuxmaa, peHTreHiBCHKKMH METOAAMH
BCTaHOBJIEHO [53], wo B rpadiTi, iHTEpKaNLOBAHOMY MoOJsieKyiamu Gpomy,
icnye Tpm crpyktypu: pigusonoaibna (T>373K), uecniBMmipHa
(T>350K) i cniemipna (T < 350 K). Asropu po6oru [54] sBaxarors, 1m0
MOJeb  OJHOKOMIIOHEHTHOT JABOMIpHOI PpiAMHH B  aHi30TPOMHOMY
30BHIIIHBOMY TOJi @JIEKBATHO ONUCYE CTPYKTYPY CHCTEMH iHTepKa-
naboBaHoro rpadiry.

s noBHiWO! XapakTepUCTHKH CHCTEM “‘rocrofap’™“ricTs” Heob-
XiJIHO BBECTH Takuii napamerp, sk MakCHMajibHe “rocThoBe” HaBaHTa-
KEHHA Xy, AKHM MO3HAYaTHMEMO MakKCHMMallbHY KilbKiCTh “rOCTHOBUX”
CTPYKTYPHHX OAHHHUB, SKY MOXHA BIPOBAJMTH Ha OJHY cbopmyﬂbqy
OAMHHIIIO MaTepiany-“rocnofapa”. 3aysaxumo, o 0ia x (aK i me) cnin
pPO3YMITH NapaMeTp NpoOUECy iHTepKaMOBaHHA, 8 TOMY B JiIAHKAX
cniBicHyBanHs (a3 HOro He Ciii OTOTOXHIOBATH i3 CTEXiOMETPHYHHM
koedilieHToM neBHOT a3y, OCKiNbKH Y ABOMAZHHX AiNAHKAX HPH 3MiHI X
cknan $as3u 3aNUIIAETHCS CTANNM, @ BMIHIOETBCS TIAbKM 1T KIIbKICTS.

JliteparypHi naHi BKa3yl0Tb Ha AyXe IIHPOKHI IHTEPBA 3HAYEHD Xy
Bij coTMX Joieit — npu inTepkamosanni NbSe, monekynamu TCNQ [33],
A0 6-7 — npy BIPOBaJKEHHI 10HIB NiTiIo y BananieBi okcuzin (V¢Oy3) [55]
Ta 7-8 nns TiO, [56]. ITpnpoaro AOMYCTUTH, IO B OAHAKOBUX YMOBAX Xy,
noBUHHO OyTH 00epHeHO Mponopuifine po3Mipy “rocTbOBHX” YaCTHHOK,
TIpOTE, HACNpaB/i, TAKOT CTPOrol BiANOBIAHOCTI HE CNIOCTEPIracThCs, a Mae
Micue JMIue 3aranbHa TeHaeHUWis. Hanpuknan, ans aucynsdigy TanTtamy
JOCATHYTE 3HAUYECHHS X, Y COONYKaX iHTEPKANIOBAHHA 3 BOAHEM, JNIiTiEM,
n-OKTaJelliJaMiHOM CTaHOBHUTS, BiAnoBiaHo, 0,87; 3; 0,66. B ocrannboMy
BUNAJIKy BHUSBJICHO 3HA4YHE PO3UIMPECHHA KPUCTAJiUHOI IPaTKH, KoMneH-
cania pobOTH AKOro NMOB’A3aHA 3 BEJIMUUHOIO Xy, JOCHTH Benuke miTieBe
“rocTeOBe” HaBaHTaXeHHA (0 x =4) XapakTepHe | ANA CHOAYK Kjacy
Li.MogSg [46], LiFesOg [43] i Li.Ru,Mos.,Seg [57] i aeio Menme s
UO; - 1,5 [9] ma Lij.Mn,Oy — 1,25 [50]. HaliByskuuMH KOHUEHT-
pauifiHuMu iHTEpBanaMu iCHYBAHHS CNOJIYK iHTEPKANIOBAHHA NMpH He-
3MiHHi# Matpuui BoaoaioTs Li(CH)y (x, = 0,25), (CH),I, (x,, = 0,25),
Li,ZtNCl (x, = 0,29), Cu,TiS; (xm = 0,70), Ag,TiS; (xin = 0,42), a Takox
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NLTiS; (x, = 0,5) [58, 59]. Takum unHOM,; MOXKHE CTBEPIDKYBATH, IO X, Y
AaHidl AUIAHLE TeMOepatyp BU3HAYAEThCs TAKOK HOro BEIINYHHOID, AKA B
CYKYNHOCTI 3 iHWMMM napaMerpamu MiHiMisye €Heprilo.  cuctemu
“rocnogap”-“ricrn”. IHWMMHK CIOBAaMH, L€ O3HAYATHME BHMOTLY PiBHOCTI
HYIIO NOBHOI MOXiAHOT BiA eHeprii cucremu 3a KOHUEHTpaMi€elo
“roCTbOBHX” YaCTHHOK Y TOULi Xy, NpY HEOOOB’A3KOBOMY 3aHYNEHHIO B
nii i vacTuHHOl noximuol. I{ikaBuM i BamiuBHM € T€, UIO ICHYIOTh
cBifuenns [3, 59], sxi BKa3yloTh Ha 3aMEXKHICTD BETHYHHH Xy BiJ cnocofy
OTPHMAHH: OAHOTO | TOTO XK BUAY CTONyKH inTepkatoBanus. Lleit paxr, a
TaKOXK SBHA 3ICKHICTD MAKCHUMaIbHOIO “roCThOBOr0” HABAHTAXKEHHS Big
TEMIEPATYPH CHHTE3Y N0 ChOTONHIUIHLOTO S IPAKTHHHO HE BUBYATHCH,
XO04 BOHHM | CTaHOBJATL 3HAYHMH iHTepec A Kpaloro po3yMiHHs
¢enomeHa iHTepKaLii.

- § 1.5. 3apsgoBuii cTan “rocthoBoi” nixcucTemMu

‘OnHuM 3 OCHOBHHX Napamerpis, 110 ONMCYIOTh CIIOAYKH iHTepKa-
AIOBaBHA, € 3apsfoBUI CTaH “rocThoBOI” NiACUCTEMH, SKHH, JOMOBHIOIOYH
¢a3oBi xapakrepucTMkM, BKasye opHouacHo # Ha XapakTep 3B’A3Ky
(ioHHwMH, KoBaneHTHUI, KnarpaTuuii). Binbwe TOr0, AK BUILIMBaE 3 [19, 3,
23, 60], icuye Geamocepenmiit 3B’S30K OCTAHHBOIO 3 MEBHUMM 0co0-
nuBocTaMH (asosoro crady. [Tpouecu nepegaui 3apsily Bifl iHTEpKadauTy
RO MATpHLi Y4 HaBMAaKy{ B 6araThoX BUMAIKax € pyui#iHoro cuiolo intep-
Kanauii i BU3HAuAOTH (i3HKO-XiMidHI BIACTHBOCTI CIOJIYK iHTepKamo-
BaHHI B3arajli i KOHKpeTHHX a3 30KkpeMa.

Ilpn yTBOpeHHi iHTepkanatiB micis HOCATHEHHS PIBHOBaXHOTO
CTaHy “roctboBa” mijcucreMa Moxe GyTH HEWTPANbHOIO, NOAATHLEO YU
BIA’EMHO 3aps/DKEHOI0. BiAnoBifiHO, “rocThOBI” KOMIOHEHTH a6o He
OOMIHIOIOTBCA 3apsjioM i3 Matpuieio, abo BUCTYNAIOTh JOHOPaMH YU
aKUenTopamu enekTpoHis. OfHa i Ta % “roctbosa” YacTHHKA B pi3HHUX
Marepianax-“rocnoapsx”  Mo-pi3HOMy IMPOSBISE CBOIO 3[aTHICTb 10
06MiHy 3apsnamu. Hanpuknan, aToMu JniTio 3 uitko BHPOKEHMMH JOHOp-
HUMH BIIACTHBOCTAMH NOBHICTIO iOHi30BaHi MpPH Xy, y rpadiri (LiCy), ne
nepejiada eAeKTPOHIB rpadieHOBUM IIapaM CTAHOBUTH ONMH €IEKTPOH Ha
OAMH atoM Jjitito [61, 62], B Toit wac, sk mns Li,TiS, nosxa ioHizauis
“rocTeoBOi” mifcucremu 3Gepiracthes nMweE 10 x=0,8, a npu nmoganp-
IIOMY POCTi CTyneHs iHTepkanauii NiTid 3a;aMmae JeAKY TYCTHHY
$-€NeKTPOHiB [63, 64]. '
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Sx npaBuio, mpu iHTepKAaMOBaHHI JIMXaNbLKOreHIAIB MepexigHux
MeTanis, Hoauais cBURLIO i BicMyTy Bignosiguo Li, Fe, Ni, Co, Ti [65] Ta
ROHOPHHMM OpraHidHuMHM Monekynamu [26] Biabysaerbcsi nepemaua
€JIEKTPOHIB Ha piBHI aTOMiB MaTpHUi, KOMIMEHCYIOUH TXHil nonamiifi’
3apsf, a BENUYHHA UBOTO TEPEHOCY 3aJeKHUTL Bifi BIAHOBIIOIOYOIN
3/1aTHOCTI iHTepKanauTy. 3riaHo i3 [65]), Bowa cnagae B psay Ti, Fe, Co,
Ni. Kpim BiiHOBMIIOBAHO! 3JaTHOCTI iHTepKaJaHTy, CTYNiHb ioHi3auil
“rocTtboBOi” MIJCHCTEMH MOXE BH3HAYaTHCA MicueMm nokanizanii ii
KOMINOHEHTIB, AK Le Ccrocrepiracthes 0pH  intepkamosanni CdPS;
depouerom [28], ne eHepreTHYHO HAMHIKYHM BAKAHTHHM CTAHOM JUIS
MEPEefAHOT0 eJEKTPOHA € AHTH3B’A3youa p-p opbirans, abo ¢azoBum
CTaHOM, 10 Mae Micue npu iHtepkansuii rpadiry ta AsFs [66). 3apsz,
nepenanuit nepunedom Marpuui FeOCl, cranosuts 0,11e/FeQCl] [29].
Cepen matepianis-“rocnopapip” € CTPYKTypH, SKi JIETKO YTBOPIOIOTEH
CHOJNYKH IHTEPKaNOBaHHA JHLUE 3 JOHOPAMH abo JHLIEe 3 aKUESNTOPAMH.
IcHytoTs i Taki cniojiykwm, 1O 3 OAHAKOBUM YCNIXOM IHTEPKAIOIOTHCH fIK
AoHOpamM, Tak i axuentopamu. OcTanHi HOcATh HasBy amdorepuux. lle
Ayxe LikaBi 06’ ekTH 415 BUBUeHHA (isuku i Ximii inTepkamoBanus.

§ 1.6. biinTepkansuis i KoiHTepKaANANin

Y 1974 poui A.Merpor, IT.Jlarpanx i A.Xeponba wiisxoM BpoBa-
mxenHs metanis K, Rb, Cs B yxe intepkansoBanuii rpadit H,;Cg
OTPHMANM HOBi CroNykH. Bowu MicTimm noueprosi notpifini wapu (oaHa
miomunna aroMis H mix asoma nnowmsamu atomis K i oguHoyni wapu
JY’>KHOTO  MeTany). ABTOPH 3alpONOHYBANM HA3UBATH X CHONYKAMH
Giinrepkansuii [67]. Yepes new’stp pokie Gynu onucani HOBi cnonyku
iHTepKanauii rpadiry, mo MiCTHAM ROHOPH HBOX BHAIB: YepryBammcs
wapy Cs i K. Ha cooromnimmilt nens HalfGinbl nOBHO BHBYEHI crionykw
Giintepkanauii i koinTepkanauii rpadirty, ski MicraTe aBi rpynu
akuenTopis a6o ABi rpynu JOHOPIB.

Ipn inrepkansuii xnopuay 3aniza (FeCls) 8 crpyxtypy rpadir-InCl;
Apyroi crapii 6yno BCTAHOBNEHO, MO HAapaMeTp IPaTku & Oam3bkuit g0
3HA4YeHHS CyMH MDKMJIOWMHHHMX Bincranelt Ans Bignosignoi chosyku
iHTepkanioBanHs rpadity nepwoi cranii. Ha pentreHorpamax cmonyxu
rpadit-FeCl; AICl3, B nopiBusHHI 3 peHTreHorpamamH cnonyku rpadir-
AlCl;, nposBAfIOTBCA AeKiNbka MiKiB HAACTPYKTYPH 3 HeNapHHMH
HoMepamu i Manoi intencuBHocTi. Ha ocHoBi uboro astopu [67] pobnats
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BHCHOBOK, L0 Jpyra iHTEPKaMIoKya rajoiHa Croayka He MOXe 3aliHATH
BUIBHI JIJIHKM MiXK OCTpIBKAMHM NepuiMX BIPOBaIKEHHX rpyn. Ilpu
upomy Oy BusBieHMH LikaBuil edext aectabinizauii ommiei ranoigmoi
HaCTUHKH iHWOW — inTepkansuis AICL; B cnonyky rpadir <FeCl;> Bene
RO 3MCHIICHHS CTyneHs mepeocy 3apasy mikx FeCly; i rpadenoBumu
wapamu. Skimo B cnioyky rpadit <CuCl> apyroi crauii Bnposaguty ICI,
TO otpumyeThes cnoayka CyoCuCly-0,61Cl, B sxiit xnopua Hony 3aitmac
BitbHi Bif CuCly Mmiximaposi npomixkd. YTBOPIOETbCS Taka HOCTLIOB-
Hicts mapiB C-CuCl,-C-ICI-C-CuCl,-C-ICI-C..., 3 nepiogom ineHTHY-
'HOCTI, IO AopiBHIOE 16,56 A. Crnonyka 6Giintepxansuii CsCuCl, - 2ICI 3
nocnigosHictio mapis C-CuCly-C-ICI-C-ICl -C-CuCly-C-... OTPUMYETHCS
aHAJOTIYHUM YHMHOM i3 cnomyku rpadirt-CuCl, Tpersoi cramii. Y pobori
[68] nokasaHoO, IO CHHTE3 IHTEPKANBOBAHOIO rpadity 3 BUKOPHCTaHHAM
JIETYYHX TeTepoKoMIUIeKciB auranorexiny merany (CoCly) i rasonoumi6-
Horo - gumepy AlyCls 3HaunO 36inbmye mBHAKICTH BIIPOBADKEHHSA XJIO-
puRy KobaiibTy, alle, BOAHOYAC, CYIIPOBOAXKYETECS BIPOBAKEHHAM (KOiH-
TepKalsiliero) 3Ha4HO! Kisbkocti AICl;. Amnanis MiKpPOCTPYKTYPH aBTO-
pamu [68] Bkasye na posginenns CoCl, i AICL no pisHux JIOMeHax,
CHiBICHYBaHHA AKUX B ogHoMy wapi AlCl; i FeCl; nemoxnuse. [Mpuuuna
Takoi BiamMinnocTi B noseainui CoCl, i AICk; moku e He 3°scoBana. dasu
3 noveprosumu mapamu CoCl, i AICl; MoxyTb GyTu oTpuMani Metoz0M
Giinrepkansauii, T06TO BNPOBA/KEHHAM HACTYNHOIO BHAY “roCThOBOFO”
KOMIOHEHTa B CTPYKTYpY rpadiry, wio MicTuTh nepwunii kommonent. Lli
Pe3yJbTaTH CBIfYaTh MPO Te, IO pi3HHUS Mix GiiHTepkansuiero i
KOIHTEPKANALICI0 B TEXHONOMYHOMY AacIeKTi 3ajiexarume Bif criocoby
OTpHMaHHs, TOOTO, SKUIO TEpMOAMHAMiKA He 3a60pOHsE CHiBICHYBaHHS
ABOX BHJIB KOMINOHEHTIB B OJHOMY MiXIIapOBOMY OpoCTOPi, TO OpPH
O/{HOYaCHOMY  BIIPOBADKEHHI  JBOX  KOMIOHEHTIB YTBOPIOIOTECS
KOIHTEPKaJlaTH, a [IPH NOYEProBOMY — MEPEBAXHO GiiHTepKataTy.
Cononykw 6i- # koiutepkansuii rpadity 3 aBoma JIOHOpaMHu
NPUBEPTAIOTh YBAry 3 TOYKH 30PY MOXJIMBOCTI CHiJILHOTO BIPOBAJHKEHHS
Kanio i Boamio. IHTepkanar rpadiT-nyxHMIl MeTan NOrTHHae BOJICHB
ABOMA cnocobamu —~ GisHuHOI0 Ta XiMidHOO copbuicto. Disuyna copbuis
npoTikae NpH HU3bKHX Temneparypax (<200 K) i Monexynu Bopuio cTa-
OinisyloTbCs 3  YTBOPEHHAM JBOMIpHOT KOHHEHCOBAHOL bazn  mix
rpageHOBHMY 1IapamH, B AKHX KOHUEHTpalis abcopGOBaHMX BOAHEBHX
MOJICKyJI Y ABOE TePEBHUIIY€e KOHLEHTPALO aTOMIB JiyxHOro merany. Ilpu
LBOMY CTIOCTEPIra€ThCsi CHABHAUIA i30TONHUI eexT Ta po36yXaHHs rpaTku
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831081 oci C. AKTUBHICTE XeMOCOPOIUT BOAHIO NPU3BOANTH JIO IEPEHOCY
3apsay B OCHOBH A0 BoAHio. Hacuueri BoaseM cnosyku rpadirt-kanik
MicTsT notpitini wapn K'-H-K' Mix rpadenosumn mapamu [69]. Y
poboti [70] nokasano, mo B CgKHyz npu 0,41 < x < 0,667 cnocrepi-
rarothes ABi Gasu: nepwa cranis (CgK) i C;KHys, npruomy ocranus yteo-
PIOETLCSH B IPHIOBEPXHEBHX JINSHKAX,

3Haudy UikaBICTL BUKIMKAIOTL CNoAyku Gi- abo KoiHTepkanoBanHs
rpadity 3 4iTkO BHpaXeHOK napoio JioHop-akuentop. B excnepumentax
y po6ori [71] BUXiiHUMYU CHIONYKAMH CAYXMIKM AKUCHTOPHI IHTEpKanaTh
rpadit <CdCly> i rpadir <CoCl,>, a AOHOPHWUM ENEMEHTOM CIIYXHTb
JY)KHHH MeTall, SKHA BIPOBAJPKYBABCA 3 aporofitnoi dasu. Asropu [71]
AOMYCKAIOTH HAHIMOBIpHilIMM Noueprose posmilienust wapis CdCl; i K,
X0u HUMHU it He OyJI0 BUABAEHO PEHTreHiBCbKOro BiAGHBauHs Bia wapis
OCTaHHBOrO, WMOBIPHO, 4epe3 BIACYTHICTh AANBHLOFO NOPSAKY B HOro
posTaiuyBanHi B momwuHi. Y cnonyui rpadit <CdCly> uerseproi craii 3
HaTpieM Ha OfuH twap rpadity npunanae tpu wapu Na, Toai sk 3 6poMoM
— NMIue OfMHE wap Br.

Y poborti [72] pospoGiieHa TEXHONOTiS OTPUMAHHSR CHIOYK KOIHTEp-
KamoBaHns rpadit-kaniii-reTpariapodypan, WO € HOBUM Pi3HOBHAOM
CMONyK IHTEPKAMIOBAHHA — IHTEPKANaTHI CONbBATOKOMILICKCH. OTpUMAHO
crexiometpuuni pazu K(TI'd), sCoyy i K(TTD), 7C o4y, A€ n ~ cTapis inrep-
kanauii (n = 1, 2, 3). Konu B iHTEPKaNbOBAHKIl NY>KHUMH METaNlaMHi rpa-
(iT BNpOBaMKYETHCH OpraHiuHa MOJIEKYJIa, I0HM JYXKHMX MeTaliB eKpa-
HYIOTbCA § X 3B’A30K i3 nutoiuHaMu rpadity nopywyetses. Y cnonykax,
36arayennx Terparigpodyparom — K(TI®), sCoy, ionu K' ckoopaunosai
asoma abo tppoma Monexynamu TT'®, BeprukaibHO PO3TAIOBAHUMH MK
rpagenosumu nuounamu. Y K(TT'®), 7Cy4 ionn kanito ckoopauHoBasi
nvuie ojHicio abo aroma moiekynamu TI'®, wio posrawosasi IOPH30H-~
TanbHO MK wapamu rpadity. ¥ sbaraueHux rerpariapodypanom cnony-
Kax Bijanb Mix wapamu cranosuth 8,90 A, a 8 36inguennx — 7,15 A. Ha
xKajb, Pizu4i BAACTUBOCTI clIonyk Oi- i KOIHTepKamOBaHHs AyXe Mano
BMBYCHI. 32 HAsBHUMM JHTEPATYPHUMH JIAHUMH, [HTOMUE €NeKTpoonip
nicas Oi- i KoiHTepKaIANil aKIENTOP-aKUCHTOPHUMH aPaMH 3MIHIOETHCS
Heictotno. Tak, nicas snposamkenns GaCly aGo AICly y apyruit cryniss
rpadit <FeCl> nuromuil onip 3mexnyetbes seboro na 10 % [3]. Tlpu
BIPOBA/DKCHHI JIOHOP-aKLETITOPHIN 1ap BIAMIYEHO BXKE CHIbHILLY 3MiHY
CHIEKTPOTNPOBIAHOCTI, @ BIPOBAKEHAA Kaii0 Y APYrui CTYniHb cnonyku
rpagit <CdCly> cynpoBojuKyeThCsi POCTOM [HTOMOTO 0Nopy Maiixe B 3
pasu [68].



Hamu snepuie: Gynu oTpuMani ta AOCHDKEHI METOL0M pajaioak-
THBHUX 1HJMKATOPIB CHONYKH eNCKTPOXIMIYHOrO  KOIHTEPKAMOBAHHS
Ty®HHX Metafis 3 In'i Mn, aKi suaxomsthes B cepenuni psijy Hanpyr y
KPUCTaNiYHKX IpaTkax uiapysarux kpucranis AMBY! [40]. Onne 3 nepuimnx
noBifoMieHb 1po Oi- H KoiHTepkansuilo Biapasy gBoMa Ty KHAMM
METa/laMH JIMXalbKOreHI/iB MepexiiHnX MeTanis 6yno 3pobieno B pobori
[73], a napoto nyxHu#t Meran—nepexianuii Metan y pobori {74Y). 3riguo 3
Aanumu [74], cnonyxu Li,M,TiS, (M = Ti, Fe, Ni) oaepxysanu peakuiero
n-Oyruanitiio 3 M,TiS,. Bejnunua x 3Haxoautbes B obepHeHift 3anex-
HOCTI 10 y, NpHUYoOMYy x + y < 1, T06TO He Bei OKTaeApHUHi NO3uuii intep-
KaaTy € 3aiHaTi. ABTOpM RONMYCKAIOTh, LIO CKJIajl Li,M,TiS, Bu3nauaers-
€ 30HHOIO CTPYKTYPOIO, & CaMe — KUIbKICTIO NPHIHATHX €IEKTPOHIB aTo-
MaMu TdTaHy MaTpuui. Ockinbku Fe i Ni BiiaioTs no aBa enektponu, To
3pO3yMino, 1o. B Uil cucremi x+2p=1. YV 3azHayenux marepianax
“rocTboBa” MiACHCTEMa HEe BNOPSANKOBAHA # aTOMH MEPEXiIHOro Meraiy
IHILHIOIOTE €eKT, 3MEHLIEHHA PO3LUHPEHHSA TPATKH nopiBHsiHo 3 LiTiS,.
Axwo nomictvru LiTiS, B armocdepy aprouy, Hacuuenoro 11apaMu BOJIH,
TO 32 TPH FOAMHM Binjaide MiX wapamu 36iabwyethest g0 11,2 A, wmo
BIANOBIJaE yTBOPEHHIO (asu 3 riApaToBaHMMM KaTiOHaMM Mix iapamMu
[74]. 3oBcim inakiue noBoAsTHL cebe cronyku Li,M,TiS,, B sikux B asano-
FIYHHX yMOBAax MDKIIADOBA BiJadb Y HHX HE 3POCTAE, a 3MEHINYEThCS
HaBITE NIpK MaNkX 3HaueHHsx y <0,15. okpema, ix BHTPHUMKa B Tilt camiit
atMocdiepi NMPU3BOAMTL O 3MEHLICHHS MiKMIOWMHHOI BiacTani B
Lig 75Nig ;5 TiS, Bin 6,11 10 5,70 A 3a opHy no6y, WO CBiX4MTB He npo
rinparaniio Li*, a npo #oro feintepkanauito. Konu x noMictuta cnonyky
LixM,TiS, y Bomy, To BOHa riaparyeTsesi, aHaqOrivHo K i Li,TiS,, no
d= 11,30 A. Ane, ua Biaminy Big octanuboi, i riiparosasa opma Hecta-
OinbHa Ha MOBITPi, a MbKIIApOBa BiACTaHb y LiMTiS, menako 3men-
IYETCS] JIO 3HAYEHb HABITH MEHHIMX, HiX A8 BUXiAHOrO Li,M,TiS,.
Ioni6ui crionyxn koinTepkansuil aucynboiny THTaHY 3 amiakoMm i €BpO-
[iEM MOXHA CHHTE3yBAaTH 3 PO3YMHY OCTAHHIX npu -40 °C [75]. Orpu-
MyBaHi Matepiaiu € CIOjykamMH {3 3MiHHOIO BANCHTHICTIO, B AKHX KOH-
nentpauis Eu” i Eu”' Moke sMimosatucs sk dyrkuis yacy Bifnany if
Temneparypu. [Ipuposa uux Cronyk CHIBHO 3aieXuTb BiA cnocoby ix
[PUTOTYBaHHS.

Cromykd KOIHTEpKAamMoOBaHHS HOBOT rpymd  — Li,CuMoeSg i
LiyFe,MosSs nocnimxeni # otpumani ‘asTopamm poGorn [76], stxumn
BCTAHOBNCHO, HIO SIKIMO XIMIYHUN MOTCHUA OAHIEI 3 KOMIMOHEHT apamye
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A0 HyAs (O BIAHOMMEHHIO A0 Wi€] KOMNOHEHTH Y BiIbHOMY CTaHi) npH
nesHoMy 3HadeHHi x afo y, TO Taka ciosyka sectabinbHa 3 HaHuUM
xoMnoHeHToM. Hanpukaan, RiTiii BMIUTOBXYE MiAb i3 LixClijpﬁsg TpH
x +y=4. Astopu [76] nponoHylOTh CTIIOAYKH 3 ABOMA KOiHTEpKaNaHTaMu
BBaXaTH TCEBJOTPHKOMIOHEHTHUMH CcHCTeMaMH, a ¢a3oBi Jiarpamu
MO/aBATH HA TPUKYTHHKY ["i66ca. .

LlikaBo BiaMituTH, WO Meroan 6i- H KoinTepKansawil CAyryiOTh He
TiNbKH JJIS OTPUMAHHST HOBHX CHOJYK, ajfie¢ MOXYTh OYTH BUKOpHCTaHi 3
METOAMYHO-NIOWYKOBOK Metorw. Hanpuknay, astopu {71] Takum cno-
coOOM BUPILMIN NPOSCHUTH CHTYALLTO 13 3apSI0BHM CTaHOM “TOCTbOBOI”
MACHCTEMH JNY)KHWX MeTaniB y rpaditi. Jins uboro BOHM BBOLHIH
npoOHKii aToM (Hanpuknan, Taniil) B wapH JyxHOro meraiy 3 XiMIUHUMH
BIACTUBOCTAMHU, MOLIGHUMH 1O BJIACTHBOCTEH 3a3HAYECHOrD IHTEPKANAHTY
(crifixe 17-okucaeHHs) | HasBHICTIO AEKiALKOX PiBHIB aTOMHOrO CKAamy,
YYTAWBUX JO XiMiyHOro otoueHHs. CyTTeBa pi3HMURA B CNEKTPi BaJEHTHOI
30HM piAKOro Tanito i fioro TBepaoi Ga3zn NOBUHHA NO3BOIUTH OTPUMATH
iHopMallilo Apo JlokanbHE TEOMETPHYHE OTOYEHHA npobHOro aroma.
Takum yHHOM BMBYAIOTHL TakOXK BNAMB Oi- B KoOiHTepkansuii Ha enekT-
POHHY CTPYKTYPY BMXiZHOrO inTepkanary. BusisneHo cuibHy 83aeMoliio
mixk Tl i Rb y wapi koiurepkanary, to6ro pybiniii Bignac uactuHy sa-
JIEHTHHX eNeKTPOoHiB Tanito. OnucyBana tepHapusanist crabinizye cTpyk-
TYpHi CHiBBiAHOWICHHS MiX rpadiToM i iHTepkanatoMm. ABTOpH Billl.(l’l:
A3I0Th TiNoTe3y MOBHOI I0HHOCTI TAXKKOrO NyXHOro merany B rpadiri;
BOHH NPOMOHYIOTH MOJENb YYTIHBOro 36anaHCOBAHOIO PO3NOALNY 3apsaLy
MK “rocriogapemM” 1 “rocTaMu”, 3riiHo 3 AKOK BaJEHTHI CIEKTPOHH
MeTally He 3aiulaloThCs MOBHICTIO Ha #oro aromax, ajge i Hemae
TOTANLHOI'O HEPEXOAY B CTAHH BANEHTHOT 30HH rpadity.



Poszpin Il
MOJEJIOBAHHS TA EKCIHIEPUMEHTAJILHE
OBIPYHTYBAHHS INPOLECIB IHTEPKAJIALIT JUTIIO
B HAHOIUCIIEPCHI OKCH/IM Si i Ti

§ 2.1. Konuentyananui niaxoan a0 suGopy kpucraniunux MATPHIb,
' OPHAATHUX [0 IHTEPKAIIOBAHHAN JiTiEM

 CyvacHi BUMOTH [0 eNeKTpoXiMiuHHX JOKepeIt eNIeKTPUYHOT eHeprii
Ta MONCKYJAPDHUX HAKOMMYYBAYiB 3apsly HaNeKO HE 3aBKIAU 3a40BOJb-
HAIOTHCA HAsIBHOIO 6a30l0 €IEKTPOJHUX MaTepianis sk 4epes X HU3bKY
EHEProBiIayy, Tak i BHACHIJOK JOPOrOBU3HU Ta HETFaTUBHOIO BIJIMBY Ha
HaBKONHIUIHE CEPENOBMLIE NPU TX OTPUMAHHI, BUKOPUCTAHHI i yTHII3aLiT,
ORHUM i3 HANpAMKIB MOWIYKY NEWIEBHMX, €KONOMIYHO OE3MEYHUX MaTe-
pianiB i3 BMCOKOIO EHEPreTHUHOI EMHICTIO € BUKOPUCTAHHS HAHOTEX-
HOJIOFYHUX NiAXOAIB /ISl OTPUMaHHS TAKMX MaTepialis.

Hposenaeni o wporo yacy mocaipKeHHs TiTbKH ¢parmenTapHo okpec-
JHOKOTh MOXHMBOCTI HOBHX MaTepiasiiB, OJEPXaHHX i3 3ailyYeHHSIM HAHO-
TEXHOJIOTIH. 3’SCOBaHO = JIMINE, HI0 HAHOTEXHOJIOLI] BIAKPUBAlOTh HOBI
MOXIHBOCTI BiIOMHX DPEHYOBHH. Y MOpiBHAHHI 3 rpyboaucnepcHumy i
MOHOJITHAMM MartepiajiaMl B HAHOYACTHHKAX 3MiHIOEThCS ATOMHA AxHa-
Mika, TennoBi Ta €IEKTPOHHI BJIACTMBOCTI, CIOCTEPIraloThCs AHOMANbHI
anQysidni seuma. CyTreBa 3miHa BiacTHBOCTEHl pCUOBHMH 3yMOBJicHA
PO3MIDHHMH eexTamu H CHIBHO 3aneXuTh Bij CTymeHs arperaToBaHOCTI
HaHOYACTMHOK. ¥ 3B’S3KY 3 UMM OCOGIIMBY yBary CJil MPHIIIHTH BUBYEHHIO
BILIMBY yMOB CHHTC3y JaHMX Matepiajiis Ha OpMYBaHHs HAHOKIIACTEPIB.

Ondielo 3 HalicyTTeBillMX nNepenoH, ski 3HAXOAATbCS Ha HWISXY
YCHIIUHOPO PO3BUTKY HAHOTEXHOJOIiH, € npobnema crabinbHOCTI HaHO-
CUCTEM, BUKIMKAHA HEPIBHOBKHICTIO TXHBOrO cTaHy. OcOG/IHBO aKTyalh-
HUM € MTOJONAHHA KOArysiuiiHUX NpoUeciB, 30KpeMa, B TEXHOJNOTIT BHIO-
TOBJICHHS €NCKTPOAIB I3 JSKMX BHAIB HAHORUCHEPCHHX YacToK s
MPUCTPOIB ENEKTPOXIMIUHOT eHepreTHKH Ta MOJIEKY JIAPHOT ENEKTPOHIKH.
Sk opuH i3 BapiaHTiB BUpIlIEHHS 3a3HAYEHUX npobneMHuX cutyauii, Ha-
MH NPOMOHYEThCA POPMYBATH HAHOKOMIO3UTHI CTPYKTYPH 3 ByrieueM i3
JIOKaIi3ali€lo OCTAHHBOrO HE JIMINE BCEPEAHHi arperaToBaHoro KOMIUIeKCy
(nosepxnea C-i30saLis), ane i 3 BKIIOYEHHAM HOrO B CTPYKTYPY HaHO-
uacturky (C — gomosaHa nosepxuesa izonsuis). Ha BiIMiHY Bin Tpaju-
UiAHMX cnoco6is (opMyBaHHs enekTpoAis, Yy SIKHX CTpPyMONpOBiaHa
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J106aBKa 3HAXOAMTHCS MIXK arperaToBaHiMH KIACTEPAMHU, 331'1;191‘101103&11n1”4
METOJ AO3BOJIUTL HE TINLKH 3HH3UTH ONIp Tiepeaadi sapsuy Bii HACTHHKH
O HACTHHKM, ajne H tinecnpsMoBaHo 3MIHIOBATH BJIACTHBOCTI CaMOI
HAHOUYACTHHKH. . _

Taki C-moaudikorani SiO;-HaAHOKOMNO3HTHI MaTpHLli Oynu cHHTE-
30BaHi Y BHINISLAI CTPYKTYpH Kapboaepocunoreso 3 BMICTOM BYTJIEHIO Bil
10 10 20 % LUIAXOM METHIXJOPCHNIANOBOT TEXHONOTH. [t}ouu BOJNIOAIAM
PO3BHHYTOIO akTHBHOIO nosepxueto (150-250 m7/r) i nobpow enexrpo-
MPOBIAHICTIO. ‘ .

Bigomo [33], mo naHomarepianu, axi BHKOPHCTOBYIOTHCS B SKOCTI
KATOAHOrO Marepiany JITICBMX JOKEpeNl CJEKTPHUHOT CHEPrii, HOBHHHI
BOJIOAITH WAPYBATOIO, KAHAILHOK HHM COTOBOIO CTPYKTYPOIO, 3AATHOK
3a0e3neunty 3B'A3yBaHHS “TOCTHOBMX” YaCTHHOK  YHACIIHOK CNEeKTPo-
XiMiuHOT iHTepKansuii, ocoGJIMBOCTI SKOi, SK B?l‘lg;-laqcuo BHLLE, AQIOTH
MiACTABY BUAUINTA 11 B OKpeMHi KJAC €JNICKTPOXIMIYHHX ilpouecm. Ho 1i
crnetniunnx ocobnuBOCTEl BAPTO BiAHECTH ' a) 06’€MHH'H., a He HOBEpX-
Hesuil xapakrep npouecy; 6) MOXIUBICTL 3MiHH KPHCTAIIIMHOT CTPYKTYpH
PEUOBUHU-TOCNONAPS”, fKA 3aNeKUTL HE TiUILKK BIJ CIiBRIHOMIEHHS
PO3MIpIB IPOHHUKAIOYMX YACTHHOK | BUAMOBLIHUX NOpoXHHH Mz:rpmu (M),
ane i Bij xapakrepy B3a€MOJi# B cHcTeMi “rocnojap”-“ricts”. 3 MeTOI0
edeKTHBHOrO 3aCTOCYBaHHS LUX NPOUECIB AN (apanecBCHKOro cTpyMo-
YTBOPCHHS B CJICKTPOXIMIYHHX AKYMYSTOPAX  MONOKEHH: a—0 NOBHHHI
OyTH OiIbLT CTPOrO AETEPMIHORANI, @ CaME:! ’

a) y 3arajbHOMY BHNAJKY 1pouec iHTcp_KaJuoBaHHﬂ NCBUHEH ABISTH
3BOPOTHY TOMOXIMiHUHY peakuilo, npu skik MaTpuus 1bepirae cBolO
cTpykTypy it cknag [77]. Bona Moxe 6yty onucana [78] piBusnusm:

xG + [ M) & G(M), @1
ne G — “rocTboBuil” KOMNOHEHT, | | — Jeska CHCTEMA IOCTYITHAX MlCllb
(nosuuiit) y crpykrypi M. Tounonoriusi BAACTHBOCTI MOPOXHUH 1 TxHi
po3Mipu moBHHHI 3a0e3nedysarH noxanisaglx) MaKCHMAaNLHO MOXUIUBOT
KiJIbKOCTi MPOHHMKAIOYMX YaCTHHOK. Heoﬁxn_zmoto YMOBOIO CprmoyTBO-_
PIOIOMOT peakilil € TAKOX MOXITUBICTL AHysii “r:om‘?ﬁ” 110 BCbOMY 006’ emi
marpuiti. Jlis  iHTepkagsuUiiHMX aKyMyJsTOPIB 13 JITIEBUM aHOAOM
piBHsHHA (2.1) MaTUME BACTSL

xLi* +xe” + M <> Li,[M]. (2.2)
Sk yxe 3anauanoca B § 1.5, akumo #wkue pisus depwmi SHAXOAUTLCH
AKpa3 CTUIbKM TEeHEpOBAaHMX BIPOBAPKEHOK UYACTHHKOKO CTaHIB, 1_1106
IOMICTUTH 1T €JIEKTPOHH, TO MI FOBOPHMO TIPO CHEKTPHYHY HEHTPAILHICTD
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L€l 4acTHiKN; AKILO XK CTaHiB Gilblue un MERLUE, TO BIPOBAIKCHHI
“rocTboBHI” KOMNIOHEHT i MaTpULA-“rocroaap” o6MiHIOITLCS €NeKTpo-
HAMU 3 [ICPETBOPEHHAM NEPUIOrO B JOAATHI YK BijA’eMHi joHH. Y BUNAJAKY
JNTHO ;ng ouiHkm CRHEKTUBHOCTI  nepeHeceH s 3apsaly BaXKIMBHM €
3HAUCHHA NOTeHUiaNy ioHi3auii Horo aToma, skuii ROpiBHIOE 5,39 eB [79];

6) sio 2s-enexTponu NiTito REPEHOCATLCS 0 MATPUILL, BiAHOBIHOKOMH
KaTioHH pcuoBHHU-“rocnogaps”, To ue NPU3BOAMTL N0 36GinblueHHSA
pasiyca ocrautix. V 3anexHocti BiA CriBBIAHOWIECHHS paniyciB iouis y
BIIHOBNEHOMY i OKHCEHOMY CTaHax, a TaKOX fi/l BIJIMBOM KATiOHIB, 110
SHAXONATLCA B MIKIIADOBOMY MPOCTOPI, KAHANAX UYH COTAx MaTpui,
MO2JIUBI Taki 3MiHH KpHCTaniuHoi CTPYKTYpH intepkanary [33]:

1) napamerpu rparku sanumaiorses NPAKTH4HO HEIMIHHUMU;

2) 3mina napametpin KPHUCTai4HOT rpaTku He OPUBOJHTE O 3MIHH il
TURY; .

3) BinbyBaetnes mepedynosa KpHCTaniuHoi cTpyKTypu npu 30epexenHi

FOMOFEHHOCTI CHCTEMH;
4) BUHHKAIOTD Kinbka (a3 i3 Pi3HOIO CTPYKTYpPOIO;
5) kpuctaniuga rpatka pPYHHyeThCH Linkom.
- OueBuano, wo HaGinbw NIPUAATHHM NpU CTBOPEHHI BHCOKOEdeK-

THBHMX aKyMyJIATODIB i3 BENMKOIO KifIbKICTIO LUMKiB “3apaa—pospaa” e
Npouec iHTepKamIOBaHHs, TIpH SIKOMY NapaMETPH IPaTKH HE 3MIHIOIOTHCS.

§ 2.2. MogearoBanns npouecy aitiesoi inTepranauii piokcnxy
THTaHY Pi3HOCTPYKTYpHOI mMoaudirkanii

Cepep  nepcnekTBHUX — KaTomHUx Matepianis  gas  mitieBux
aKyMyJISTOpiB HOMITHE Miclie 3aiimace TiO,. liokecua Tutany icuye p TPbOX
KpUCTamiYHUX MopMdikanisx: pyTJ, anaras i 6pykit [80], ocrauniii 3
SIKHX  TePMOAMHAMIYHO HeCTiMKUiL fIpH  HOPMAJIbHUX TeMIeparypax.
Crpyktypa pyrtuny XapaKTEPU3YEThCA CHCTEMOID B3AEMHO NapaliefibHux
KaHAIB, OpiCHTOBaHMX napanenbHo A0 MNOWMHK  KpucTanorpagivyHoi
rpani (110) (puc. 2.1).

Y nonepeunomy nepepisi ui kanamm MOXYTb OyTH 300paxeHi
KBaJpaToM i3 CTOpoHOO 3,35 A. Hns anarasy takox XapaKTepHa cucrema
KaHanie, po3TallOBAHKX NapaneibHO A0 MAOWMHM KpucTanorpadivnoi
rpaui (001) (puc. 2.2). Crpyktypy auarasy ii PYTHIlYy MOXHA nopatu y
BULJISAI TPUBUMIDHHX JNaHIfoOriB 3 okraenpis TiOg, y KoXHOMY 3 sikux
uenTpansuuit ion Ti™* orouenuii WiCTbMa aHiOHAMH O“z, YOTHPH 3 AKHX
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3HAXOAATLCA B CKBATOPIaNbHiN IO, @ 1Ba — B aKcCialbHUX Bcpu.xfmax.
Okraeapu B pyrtuni TpoxH jedopmopani, oaHak BOHM ‘36€pl{aiOTb
opropombiunHy cumMeTpito. B asarasi crnorsopeshs Ouibul ICTOTHI, WO

iunoi cumerpii. 38 a3xku Ti — O 8 aHarasi
M3BOANTH JIO BTPATH OPTOPOMOIYHOI cumerpii. ; ana
Ellp980 A (exsaropianuni) i 1,985 A (akcianbi) [811) §lﬂb}ll JOBILI, HiXC Y
py,mni (1,946 A (exparopianbni) a 1,976 A (akcianwui) [82]).

ITnomuna 0
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Puc. 2.1. Knacrep (P+6L1), 110 MOAENIOC [1BA CYMDKHI Kanaau, napaneiibHi
no rolusu Kpucranorpadiunot rpani (110) pytuny

Inommna 0

O o e ™ Li

Puc. 2.2. Knacrep (A+2L1), sskuit Moaenioe JiBa cy!wixcm KaHaIM,

napanessbHi 10 IWIOIHKRIK Kpretanorpadiynoi rpani (001) anarasy
Tomy pas TiO; pi3HOCTPYKTYPHHX M(),ll}*l(l)il(allliﬁ Oynu [IpoBeeHi
KBAHTOBO-XIMIUHI JOCIHDKCHHSA CHEPIeTHKH iHTEPKamOBAHHS ‘ m‘ch,u);ly
TATAHY JHTIEM Ta 3’ ACOBAHO, K 3IMIHIOCTHCS SICKTPOHHA CTPYKTYpa pedo-
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BUHU-“rocnofaps” B 3a1eXHOCTI Big CTyneHs Horo inTepkamoBanus. Pos-
paxyHku BUKOHyBanuca meropom CYIT MO JIKAO y BaNCHTHOMY Habnu-
wenni HIZIT [83]. Minstuka nosepxui Kpucranorpadiynoi rpaui (110) i
4aCTHHA 1OB’A3aHOT 3 Hew 06’eMHol ¢asu pyruny momemosanucs kiac-
Tepom Tiy Oy (knacrep P), uio Binteopioe apa CYMiXKHI kaHanu (puc. 2.1).
Jnsa 36epexents CTEXIOMETPHUHOCTI KnacTepa, w10 npeacTasise ¢par-
MEHT TOBEPXHi KpHCTanorpadiunoi rpani (001) i3 cymikHOW 06’eMHO0O
Q)azvoro aHarasy, ciuiay ioro 6yno obpaHo Takum Ti2043-H,0 (xnactep A).
3a iforo nonomororo 6ymu 3apani Takox ABa CyMDKHI Kanaiu (puc. 2.1).
Ha puc. 2.3 a 306paena sanexHicTs eHeprii B3aeMoAii knacrepa P i3
ABOMA aTOMaMH JiTiO Big BigcTani R ocTaHmuix A0 NIOUIKMHY, 306paxeHoT

-380 4 .\ a

400 - \\
-420 \

-440

AH(kxa/moas)

-460

a0 ]

-200 4
-220 4

6
-240 4
-260 4

280 o
EIAVave

-320 - LN r_

o AN

-360 4 e,

AH, (xKan/mons)

Puc. 2.3. Exepris B3aemogii asox aTomis nitiro
3 knacrepom P (a) i knactepom A (6)

Ha puc. 2.1 xupHuMH NidiamMu (niiomuHa 0). Posrnspanacsa Bsaemonis 3
KJIACTEPOM BIApa3y BOX atoMiB JiTiiO WIS TOro, 1106 YHHKHYTH HEoOXia-
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HOCTI BHKOHaHHA pO3paxyHKiB y nabaKeHHi HeoOMEXeHOTo MeToay
Xaprpi—~Poka. Heratusni shauenns R Binnogigaiors nepeGysanHio aromis
MTHO 11032 KNACTEPOM, a NO3HTUBHI — BCEPEAHHI KaHamiB. XapakTepHolo
i pO3rAHYTOT 3aNEKHOCTI € HAABHICTH HEBENWKOIO HOTEHUIAILHOTO
6ap’epa (= |1 kkan/mMoJb), WO BIANOBIAAC NEPETHHY TPAEKTOpii aToMiB
nitito 3 owrHow 0. Jlani kpuBa niaaBHo CNanac Jo NEBHOro NocTiliHoro
3HaueHHA. Lle cBigHUTh Npo Te, 1o PyX HaCTOK NITIHO BCEpeJUHI KaHaniB
HE NoB’A3aHMH 3 NOMOJNAHHAM AOAATKOBHX MOTCHUianbHUX 6ap’epis. Hus
anatasy (puc. 2.3 6) orpuMaHO KpuBY 3 Gi/lblii BUCOKHM MOTEHIlIaNLHUM
Gap’cpom. lle moxHa NOSCHWUTH THM, WO B JAHOMY BHNAAKY pO3Mipu
KaHany TPOXH MEHLUI, HIX Y PYTHJIL.

Taxki x kpuBi Oynu oTpumani AAs B3aeMOXii aTOMa RITIO 3
knacrepom (A+Li). Bepxus kpusa a Ha puc. 2.4 onucye eHeprito B3aeMoaii
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-400
420

Ty Ty L

-4 -3 ~‘Z -1 0 1 2 3 4
Puc. 2.4. Enepris B3aemoguil atoma nitito 3 knacrepom A+Li:
a - ob¥ABa ATOMY FITIIO 3HAXOMATECH B OXHOMY Karall;
0 — aTOMHU JITiIO 3HAXOAATHCSH B PI3HUX KaHAnax

kouQIrypauii, B sakiii arom Li B3aemogic 3 kiracrepom A+Li no kanany, na
IHILOMY KiHii IKOrO BXE JIOKaNi30BaHKH IE OJUH aTOM JIiTiO, a KpHBA 6
BIANOBila€ BUNAAKY, KOJH MONECPEAHBO PO3MILCHUI aTOM 3HAXOAUTLCS B
cymixnomy kanani. ITopisxiooun puc, 2.3 i 2.4, 6aunmo, 10 SK NpU nep-
BHHHOMY TIPOHMKHEHHI AiTIIO, TaK | HA HACTYMHHX CTafisX iHTepKaasuii
ANt IPOHMKHEHHS aTOMIB JITIKO B KaHan HeoOXifAHO mepeSopoTH NnoTeH-
wianbuuit 6ap’ep. Ilicns nogonanus Gap’cpa nogansvii pyx aroma NTio
KaHAMIOM 110B’43aHMH 31 3HMXEHHAM NOTEHUIaNbHOT eHeprii cuctemu. [pu
30KEHHI APOHMKAIOUOYO aTOMa JITIIO 3 paHillie pPO3MilUeHMM HarpH-
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KIHUI KaHamy aToMoM JiiTiio noteHuianbua eHepris 3pocrae 4Yepes Bif-
UITOBXYBaHHS aTOMIB IHTEPKASHTA.

HAoknanny indopmauilo npo BuaMB iHTepkansuii Ha CJIEKTPOHHY
CTPYKTYPY CHCTEMH, IO YTBOPIOETHCS, MOXKHA OACPKATH 3 PO3PAXyHKIB
nokaneux rycrud cranis (JIFC). Ha puc.2.5 i 2.6 306paxeni nosui
rycruny crauis (II'C), o6uucneni s knacrepa A i ans knacrepa A+6Li.
Y maciurali HaBeieHNX PUCYHKIB BOHM MpakTH4HO 36iraioTbes. Ha wmx
camux pucynkax 3obpaxeni Buecku B [II'C Bin opbitaneit O(2s), O(2p),
Ti(4s), Ti(4p) i Ti(3d) (puc. 2.5), a Takosx Big atomis Ti, O i Li (puc. 2.6).
Y RinsHui eHeprii BaNEHTHHX €NEKTPOHIB YCi CTAHU CTPYKTYpOBaHi B TPH
30uu. JII'C, wo onueyioTs npoexuii Ha atomui op6itani [1'C KJacTepa, i
NPEACTABNAOTh, BIAMNOBIAHO JO JIOMIHYIOYOrO BHeCKy, S-, p- i d-30HM.
HeonnakoBi mmupuuu 308 Bia6uBaoTh pi3Hi THIHM 3B 43Ky, BiANOBigansHi
3a ixHe Qopmysanus. EdextuBnicts 38’sa3yBaHHS 3aNe}UTH Bijg JBOX
OCHOBHHUX (PaxTOpiB: CTYNeHs OpOITaNbHOIO NEPEKPUBAHHS i GAM3bKOCTI
€Heprii BiANOBIHUX PiBHIB.

~43— [1FIC
—O— O(2s}
800+ ] =t~ O{2p)
g —~o— Ti{4s)
700 - h =< Ti(dp)
: Q 4 Ti(3d)
© 600+ :

-40 -20 0 20

Puc. 2.5. losua TYCTHHA CTaHiB KnacTepa A | BHECKHU 10 Hel JIOKabHHX
cranis O(2s), O(2p), Ti(4s), Ti(4p) Ta Ti(3d)

30Ha s, WO 3HaXOAUTHLCS B inTepBani exepriil -30 — -40 ¢B, 3ymose-
Ha nepesaxHo O(2s) cranamu. Hesenuki gomiwku Big op6itaneii aromis
TUTaHy # JesKa CTPYKTYpa CMYrM BKa3yIOTh Ha HAsIBHICTBb BHECKY KOBa-
NeHTHOTO 3B’s13Ky 3 opGitansmu Ti(4s) i Ti(4p). Y p-30Hy aominyioumii
BHECOK pobnate O(2p) crauu. Hassuicts gomiwox sig Ti(3d) cranis
CBIYHTB NP0 T€, 1O HOPMYBaHHS PO3TAAHYTO! 30HM 3YMOBIEHO B32EMO-
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Aismu O(2p)-Ti(3d). 3oua d posuwennena ua niapisui Ty, i E, cumerpii, wo
BiA0KMBaE OKTAaEAPUYHE OTOUEHHS ATOMIB THTAHY B PO3INSHYTHX KiacTe-
pax. Tepmy Ty, BifnoBifaioTs crann 3dyy, 3dy, i 3dy,, a Tepmy Eg~~3dx1_y2 i

3dz: CTAHH.

T'ycrusa crauis, BitH. ox,

Puc. 2.6. lToBHa rycTuna cranis knactepa A i BHECKH JI0 HEi
JokansHux crauies aroMis Ti, O 1a Li

ITpu inTepkamoBanni JiOKCHIY THTAHY aTOMAMH JITIIO BOHU MOCTa-
yatoTe Matpuuto TiO; JONATKOBMMH €NEKTPOHAMH, B PE3ysbTaTi 4Oro
pieerb Depmi pedosunu-“rocnogapa” 3Millyerscsa B d-3ony. [pu ubomy
cimijl 3pO6HTH BaXMBE 3ayBAXEHHS, 110 B PaMKaX BHKOPHCTOBYBAHOrO
HaMH KJACTEpHOro HabJkenHs Oe3 NOJATKOBMX NOCHI/UKEHb BILIMBY
pO3MIpY KlacTepa Ha MONOKCHHS AHCKPETHHX OJHOCNEKTPOHHHX PIBHIB
eHeprii BaXKO OJIHO3HAYHO CTBEPIUKYBATH NPO Te, UM MPH3BOAHTH
iHTepKansiLia o 3cyBy pipis depMi abo 10 NO’ABH JOAATKOBUX CTAHIB y
3aboponeniit 30mi. 3 puc. 2.5 i 2.6 BUIHO, O NOJOXKEHHS d-30HH HA
LUKaJi eHEprid MPaKTUYHO HE 3MIHIOCTLCA (PH  iHTEPKANIOBAHHI it
JONATKOBA €JIEKTPOHHA [YCTHHA Bil aToMiB niTiio (puc. 2.7) Tinbku
30inbiye cTyninb 1 3anOBHEHHA. Y pesyibTati TAKOro MepeHocy
€CKTPOHHO! TYCTHHU 3apA/l HA aTOMAX THTAHY B aHATA3] 3MCHINYETHCS 3
+1,62 5o 1,24 oxt., 10610 BIAGYBACTLCSA IXHE HACTKOBE BiIHOBACHHS, 3apayg
Ha aToMmi niTiio B knacrepax A+2Li, A+4Li i A+6Li cranoruts 0,24, 0,28 i
0,33 ar. oa. BIANOBIAHO. Lle CBIAUNTD PO HAABHICTL NEBHOFO KONCKTHB-
HOTO MEXaHi3My B3acMOAIT MK IHTCPKAAbOBAHHMM B MATPULIIO AHATA3Y
aromamu Jitiio. Ha kopucrs takoro npunyiucHHs CBinumTh i Te, mo
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BHECOK B1A atoMiB gitiio B [TI'C knacrepa A+6Li fepeBuILye BiANOBIAHMI
BHECOK y kitactep A+2Li He B Tpu, a GinbL HiX Y HOTHPH pasu.
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Puc. 2.7. Buecok y III'C knacrepa A+2Li noxansHoi I'yCTHHM
CTaHiB BiJl ATOMIB JIITIFO

Puc. 2.8. Cxema ytBopenns 38’s3kin
TUTaH~THTaH y [paTLi PYyTHILY IpH 1T
O o e iHTepKanauii atomamu nirito

[lepenoc 3apsiny 3 nitiio wa MaTpHLio  pevOBHHU-“TOCHOaps”
NPU3BOAHTL TAKOXK 10 fiepeposnoniny 3acenenocreii d-op6itaneii aromis
TUTaHY.
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EnextponHa ryctuHa Ha opGitansx 3d,, i 3dxz,yz 3pocTae, a Ha

opbitansax 3d,,, 3dy, i 3d,, napae. ®asu opbiraneii 3d,y i 3dxz_yz , TOOTO
3HaKM Npu KoedilieHTaX PO3KJIANAHHA BULIMX 3aHHATHX MOJIEKYIADHHX
opbirtaneii no uux aromuux opbitansx, cBigYaTh NPO NOSBY JOAATKOBOrO
3B’A3KY MiX aTOMaMM TMTaHy B €KBATOPiafbHil IUIOWKMHI, 1O 0Co6AMBO
YiTKO BM/IHO Ha NpHKJIaAi pyTaay (puc. 2.8).

TaxuMm unHOM, OTpUMaHi pe3ynbTaTH CBiuaTh NMpo Te, WO iHTep-
KaIIOBaHHA JIOKCHAY THTaHy JHTIEM [PU HEBEJMKHX KiILKOCTAX OCTaH-
HBOIO HE NPUBOAHMTL IO 3MiHH CTPYKTYPH EHEpPreTHYHMX 30H PEUOBHMHH-
“rocnogaps”. lle, HMOBIPHO, MOXHA NMOSCHHTH ABOMA TIPHYHHAMM: IIO-
uepiue, CTPyKTypH pyTHlly H aHaTasy ROCHMTH CTiliKi IO MpOHMKHEHHS
JUTiI0 B PO3TNSHYTi KaHaN4, MO-Apyre, 3apsid Ha aroMax THUTaHy B
pe3ynbTaTi aKyMynAuil AOJAaTKOBO! €JNEKTPOHHOI FyCTHHM, 1O MOCTaB-
JSIETHCA ATOMAMM JIITiIO0, 3MIHIOIOTbCA B HEBEITMKMX MEKAX, WO CIPUYHHSE
HEICTOTHE 30iNbILEHHS Pa/liyca OKCH/I0YTBOPIOIOHOTO aTOMA.

§ 2.3. Crpykrypna moaudikauis niporennoro TiO, enexrpo-
ximMiuHoOM0 iHTEepKAIALicIO JiTiIO

Binomo, w0 3 Tprox ronosHHX nonimMopdHHUx Moandikauii aiokcuay
THTAHY — aHarasy, pyTHIy Ta OpYyKiTy LIMPOKE 3aCTOCYBAHHs 3HalIOB
CrIoYaTKy TiNbKM pyTHJ. Benuka Ginusna Ta BHCOKA iHTerpanbHa BUNPO-
MiHIOBaNbHa 3/1aTHICTb NOPOLIKOBOTO PYTHIY 3YMOBHMIM iOr0 BHUKOpHC-
TAHHS B AIKOCTi MirMeHTy [84].

Coenudivydi enexTpoHHi, onTu4Hi, otokaraniTHuHi, agcopouiini
BJIACTMBOCTi HAHOKPUCTANIYHOTO aHaTasy AO3BOJIMIIK HOrO BUKOPHCTOBY-
BATH JUIS BUTOTOBJICHHS (POTOXIMIYHUX NEPETBOPIOBAYiB COHAYHOT eHeprii
B CNICKTPUUHY, a30BUX CEHCOPIB, ENEKTPOXPOMHHX Jmcineis, (oTo-
KaTai3atopis A1 AECTPYKUii TOKCHYHNX OpraHiyHux peuosrH {85-88).

Y RaHui yac JiOKCHA THTaHY PO3risAacTbes AK NEpCreKTUBHHI
CNEKTPOAHUH MaTepian s NITIEBUX JpKepes eNeKTPHuHOi eHeprii [89-
90].

Xou ranbBaiyni enementu Li|TiO; nocnimkysanucs nocuTs
AaBHO, BOHW HE NMPOJAEMOHCTPYBAJIM CYTTEBHX TCPEBAr B €HEPreTHHIN
CHIPOMOXHOCTI NPH MOPIBHAHHI 3 iHIIUMHM NECPBHHHAMM €NEKTPOXiMid-
HUMH JoKepenaMu cTpymy. OiHaK HUHI IPOSBISETLCA BEIUKHI iHTepec 10
ROCNI/DKEHHS BJACTUBOCTEH HAHOKPUCTANIYHUX MONIMOPPHUX Moaudi-
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kauii TiO, s3patuux inTepkamosatd i AeiHTepKamoOBaTH NiTiH npu
BUKOPHCTAHHI X fIK €NEKTPOAHMX MaTepianiB ans aKyMmynstopis [91-93].

Hpouecu inTepkansuii aitito 3 anporonnoro ENeKTPOJITY B JIOKCHJ
THTAHY Ta 3BOPOTHY ACIHTEPKANALIIO NiTiIO 3 marepiany-“rocnogaps”
(Li,TiO,) B enextponit MoxHa 3anucaTu ¥ BULIsiAi:

TiO, + x(Li" + &) == Li,TiO,.

Y poboti [92] aBropamm pocimkysaack iHTepKansuia niTio B
HaHOAMCNIEpCHUMI aHaTa3 (po3mip yacTuHOK 40-60 HM). ZliokcHa Turany
CHHTE3yBANH - DiIODasHUM METOAOM, TiApoisyioun TiCly Boamuum
poszuuHoM NH,OH, emynbrosanum y Geuzoni [93]. ITuroma eneprernuna
emHicts TiO, B TNEPIIOMy LUK PO3PANY eNEKTPOXiMi4HOTO Axepena J10
Hatupyrn 1,1 B cranoBuna 600 MA - rog - 1. Ilpu upomy BigHOCHA

. . . . my
MOJICKyIApHa KOHUEHTpauis Jjitiio (x) 8 TiQ, (*= %m , e my, —
%]

TPaM-MOJICKYIApHA ~Maca  iHTEpKanbOBAaHOrO  MiTito, My, — rpaM-
MoJiexyspHa maca TiO,) cranosuna 0,65.

Asropn [91] nosizomunm npo HaazBMuaiftHO BEJIHKY [HTOMY
CHEPIeTHdHY EMHICTH JiTieBOro Jpkepena CTPYMY 3 KaTOAOM Ha OCHOBI
MPOreHHOTO AIOKCHAY THTaHY. Ipu pospsai nasoro mxepena s ranssano-
CTaTHYHOMY pexuMi A0 Hanpyru 1,6 B (ryctuua CTpyMy ~ 6,5 MA - 1)
OTPHMAHO MHTOMY €MHICTb Ta IHTOMY €HEpril0 aKTUBHOIO marepiany
BianosinHo 3417 MA -rox - r' Tta 8540 MBrt - rog * r'', Vkasani eHepre-
THYHI NapaMeTpd BiANOBIAAIOTH “rocTb0BOMY” BIIPOBA/DKEHHIO NIITIIO B
Marepian-“rocnonap” y kinekocti x = 7,9.

Posmip yactuHox miporennoro TiO, ckiagas 15-30 HM, a OMTOMa
moBepxHa — 103 M - 'l Hanonncnepcunii Marepian mictus 80 % aHaTazy
ta 20 % pytuny. '

XapakTepHo, WO micns Tpuanoro aBo-, TpHpivHOro 36GepiraHms
TiO, enepretnuni napamerpu Marepiany 3MeHIIyIOTbcs Ha 30-40 %.
Hagite i3 BpaxyBaHHsM 3a3Hauenmx BTpar mniporenunii TiO, 3a
CHEProreHepylov0io 3AaTHICTIO B 3—6 pasiB mepesuinye Bizomi Ximiumi
CHOJNYKH, INO BHKOPHCTOBYIOTBCA B SKOCTi €NEKTPOIHHX marepianis y
JiTiEBUX JDKepenax cTpymy [94, 95].

Enepretuuni . napamerpu karona €NIEKTPOXIMiYHOro kepena Ha
ocrosi TiO, sanexars y nepumy 4epry BiAl KpUCTaniuHoOi 6yA0BH OKCHII-
Horo marepiany. Y taGmuui 2.1 HasexeHi CTPYKTYPHi XapaKTepHCTHKH
OCHOBHHX NONIMOPhHUX MoAHdiKaLiiii RIOKCHIY THTaHy.
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Tabauys 2.1
CrpyXTypHi XapaKTepUCTHKH OCHOBHHX noniMopduiux Moaudikauin -
TiO, :
- Kinexicrs . [TapameTpn TMuroma
Haitmery-| = omis y Eg:;::;;z Ipocropo-| komipku, A [13] ——
BaHH HHa,
marepiany :?;b:«e)m;ﬂ '1 (cunronis) | P21 4 b b | o | r-om®[o7]
AmHara3s 4 Tetparon. | 14,/amd [3.785] - [9.514 3.895
Pytun 2 Terparod. | P4;/mnm [4.593] - 12.959 4.2743
Bpykir 8 opropoM6. | Pbca  19.184/5.447,5.145 4.123

* V rtabauui HaBeacHi CTPYKTYPHI fapamerpH NOPOWKOBOrO AiOKCHIY THTaHy 3
YACTUHKAMHU MiKPOMETPHYHOTO MaciuTady.,

CTpyKTYpPHHMH MOTHBAMH PYTHITY € CNIOTBOPEHUH OKTaeap TiOﬁ‘Ta,
terpaenp OTis. Oxraeapu TiOg 3’eanani B NaHiiONKKH, WO BUTSTHYTI B
HaNpsAMKY OcCi ¢, i KOXHUI OKTaep Mae o ABa crinbHi pebpa i3 cyciaHimMu
oktaeapamu [98]. .

Y cTpykTypi anaTasy KOXHMHl KkoopiuuauiiHuii okraexp Tl0§
CTUKYETbCSH CILHAMU peGpamu 3 4 CyCiJIHIMH OKTaeApaMH, a B CTPYKTYpi
6pykiTy — 3 TprOMa. .

Enementapna xomipka pyTtuny 3abesneuye 4 okraeapuMHi Ta 4 terpa-
€ApHYHI MO3HLIT AN MOXIMBOT Nokanisauii aromis Li, a B KDMipui. anarasy
€ TiNbKY 4 AOCTYNHI OKTaGAPHYHI TO3MUIT JUIs BIIPOBAKEHHS ATOMIB NiTiO.

Busnadena astopamu [89] HoMinanbHa MUTOMA €MHICTH Ta NMHATOMA
MOTYXHICTb, iIKa MOXe OyTH oflepkaHa NpH BNPOBA/DKEHHI aTOMIB JiTiIO B
AOCTYnHi CTPYkTypHi nosuuii TiO,, 3abesneuyroud yTBOpPEeHHA _ICTe-
xiomerpuunoi ¢a3u LiTiO,, cknamae Bignosiano 335 MA ‘rox-r Ta
1307 MBT - roxr - r''. Vkasani eneprerauni XApaKTepUCTUKU € 3HAYHO MEH-
IWHMH B TNOPIBHAHHI 3 BiANOBIJHUMH XapakTEPUCTHKAMM JUIS KATOAHOrO
marepially Ha OCHOBi niporeHuoro TiO;. .

JletepMiHOBa KiABKICTh TETPACAPHUHHUX TA OKTACAPHUUHUX NO3NLIH B
eneMeHTapHiit koMipui aHaTaszy Ta pPyTHJly He € JOCTaTHbOIO AN 3a6e3-
NEeYEHHS €HEPreTHUHOT CIPOMOXHOCTI peanbHOro Matepiaiy. Ol{emaumo3
IO iCHYIOTh H iHwWi HeBinoMi cTpykTypHi nosuuii 8 TiO,, axi nocrynui
A nokanizauii aToMiB JiiTiio npu X iHTepkansuii B MaTepian.

Hist 3°ACyBanHs MPHYMH, WO 3YMOBIIIOTH BEJIHKY €HEPreTHuHY
crnipomoxHicTe niporedHoro TiO, B nitieBUX mkepenax cTpymYy, Heob-
XiAHO B nepuwy uepry Ginbw raM6OKO AOCAIAUTH MOP(ONOrio Ta KpHC~
Taniyny 6yZ0By HAHOAUCTIEPCHOTO MPOAYKTY.
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ki npoananisyBati npouec GpopMyBaHHS HAHOYACTHHOK TiO, nig
4ac NipOreHHOro CHHTE3y, MOXHA CIPOTHO3YBAaTH, LLIO BOHM, -HMOBIpHO,
MaIoTb NoMiKpUcTaniyny Oyaosy. Jaxe NPUITY WEHHSA 3YMOBJIEHE THM, LIO
DICT HAHOYAaCTHHOK OKCHMIIB MeTasip y noaym’i 3milficHioeThes B
pe3ynbTati 3iTKHEHb (KOaryasiuii) Ta MUTTEBOY Koasiecuenuii (cnikauHs)
Lle. MEHILHKX 3a pO3MipoM uactuHok [99]. ' '

Koporkouacie nepebysanns B nonym’i CKOAaryJjib0BaHHX ApiGHMX
Hanokpucranis TiO,, #MOBIpHO, He MOXe 326€3n€UnTH IM NOBHE CHIKAHHS
Ta pekpucranisauito. ITopa Ta cTpykTyphi nedektn B 06’eMi HaHOYACTH-
1ok niporentoro TiO, MOXyTh 6YTH AOAATKOBHM MicueM s nokanizauii
iOHiB niTito mix 4ac enekTpoxiMiuHoOro CTPYMOYTBOPIOIOYOTO TIPOLIECY.

Hnsg 3’sacysanns Mopdonoriysoi Gy/I0BM HAHOWACTHHOK JAOUiNBLHO
MOPIBHATH CEpefiHiii PO3MIp MePBHHHHUX YACTUHOK niporendoro TiO, i3
CEpeNIHiM PO3MipOM JiISSHKM KOTEPEHTHOrO poscitoBanns (OKP) pentre-
HIBCBKHX MPOMEHIB npu AucpakToMerpii JocHi TKyBaHOrO Marepiany.

Binsur Bucoky aGcopbuiiiny axtuHicT WO/AO JHTIIO NPOSBAKIOTH
TIEpEBANHO HAHOUACTUHKH aHaTasHOT Moudikauii giokcuay Turany, TOMY
OCTAE . IMTaHHA  WMOAO CTPYKTYpHOI crilixocTi aWarasy npu Bignani
niporensoro TiO, npu BrcoKuX TeMIepaTypax. ¥ ubOMy acnekTi Takox
HikaBo AOCHIAMTH CHEPreTHYHY COPOMOXHICTb NiOKCHAY TUTaHy mp
3pOCTaHHI B HipOTeHHOMY MaTepiali pyTHILHOL moandikauii TiO,.

ToMy JOCHiIKEHHS CIPYKTYPHHX 3MiH Y OipOreHHOMY MiOKCH
THTaHy Oif 4Yac. HOro enekTpoximiunol iHTepkanauii atomamu mitiro Ta
BHSIBJEHHA MOPQOJNOTiYHHX OCOBIMBOCTEH HAHOYACTHHOK NAHOLO Ma-
Tepiany RanM 3Mory 3’scyBartu NPUPONY HOro BEAHKOI eHepreTH4HOT
CIPOMOXHOCTI npw Bukopuctanni TiO, sk EIEKTPOAHOro Matepiany
JITIEBHX JKEpEN CTpyMy.

Hanonucnepcuuit aiokeun turany OJICPXKYBA/IM [IPOTEHHUM METO-
AOM, sKui GasyeThcs Ha cnamosauni napu TiCl, Y BOIHEBO-NIOBITPAHOMY
nonym’i. v

. Ilpouec ogepxanns TiO, skiouan MiATOTOBKY CHPOBMHHM; BUNAPO-
ByBanHs TiCly i .fioro rigponis y nonym’i; sigminenus TiO, Bix razo-
NONIOHMX NpPOAYKTIB peaKuii; OYMCTKY MpPOIYKTY Bif aAcopGOBaHOro
XJIOPUCTOTO BORHIO. :

HOTHPHXTIOPHCTHIA TUTaH, 110 BHKOPUCTOBYBABCs Npy cuHTe3i TiO,,
BiznoBinaB sBumoram JIOCT 48-18-72. Horo rycruda npu 20 °C cknagana
1,731 em™. Temnepatrypa kuniuna TiCl, npu arMoc(epHOMY THCKY
760 MM prt. cT. cTanoBuna 136 °C.
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Cuntes 110, s3aificHIOBAIM HA YCTaHOBIL }Llocnim;[0~c1<cnepumeu'-
tTaasioro 3sasopy IXIT HAH VYxpainu (m. Kanyw). Jlns oprauiaau{:i
rOpiHHA  BOJAHEBO-MOBITPSHOT CyMilli BHKOPHCTOBY BaJlH pr6llac.mu
nanbHUKOBUI nprctpifi aiamerpom 32 mm. suaxicrs posysanna TiCly
craHoBMila 26 o1 - m)x". [pouec cunvesy TiO, 3pificHioBann npu
Temneparypi nonym’s 700-1100 °C. Jlas onm-Mizaui'l' TEMIIEpaTypHOTo
pexUMYy MONyM's KIABKICTb TIOBITPSE B pPEaKiifiHOMY NOTOLI [le€peBH-
L[y BaJla CTEXIOMETPUUHO HeoOXiiHE 3HAUYCHHS. _ .

I3 3pocranHsM Temieparypn nonym’st B 3a3HAYEHOMY  iHTepBali
nUTOMa NOBEpPXHs nopoikosoro Marepiany (S,) 3MmeduiyBanacs 3
110M” - 1" 10 20 M” - v, a macoBuii BMicT anatasy sHuxysascs 3 80 % o
50 % - - »

Jocniani MakeTH CIICKTPOXiMIYHHX JUKEPEH HA OCHORBI rajbBaHi4HOI
napy Li | TiO; surotoBnsnucs 3a TphOXeJICKTPOLHOIO CXEMOIO.

TMonspusayifinii i NOPIBHAABHKIT eNiekTpoar posmipom 10x5x0,5 MM
BUTOTOBJISAIM 3 METAREBOIO NITiIO, @ AKTUBHHUIL €NCKTPOA (POPMYBaAK LLIS-
XoM Hamasysauna poGouoi cymilli Ha Hikeaesy ciTK_y 3 1O/NBIIHM
YUUILHEHHSAM CyMitli 3 JonoMoroto npeca. Poboua cymiu Mictuna 88 %
TiO,, 10 % anerunenonoi caxi ra 2 % 3B’ A3y10401 pEUOBHIH,

Sk enexrponit sukopucroByBany M posuny LiBF, B y-Gyriponak-
TOHL. ‘

Pospsyikanist JOChiAHUX JuKepen CTpyMy 311n:ilcmoaann B rajbBano-
CTaTHHHOMY PEXHMi NIPU PYCTHRI cTpyMy 20 MA - 1. ‘ 5 .

[Mpoxaposanus TiO, suiiicuioBanu 8 eJ’leKpru-ui/i' Myd).CJlellr! neyi
SNOL 7,2/ 1100. XKapocrifikumn koureiinepaMu npu sinnasni AOCAIAHKX
3pA3KiB CAYNKHIH IPOOIPKH, BHIOTOBIEHT 3 KBAPIOBOTO ckaa. TpusanicTh
BLANAIY MOPOLIKOBOrO Martepially cratosina | rojnuy. -

Mopdonorito uactunok TiO; BHBHANM 3 ONOMOTOK TpaHCMICIii-
HOro enexrponioro mikpockoua (npunan JEM-100 CX ). Hpucko-
ptotoua uanpyra iipu foro po6ori ctavosuna 100 kB, o

Penrrenodasosuit ananiz pociHipKyBaHUX Matepianis NPOBOAMAM 3
BUKOpHCcTautsiM andpakromerpa JIPOH-4-0,7 y I.!I'.lllpOl\./liI-lK)BallHl Min-
HOTO aHoja. POKyCyBaHHS PCHITCHIBCHKHX HPOMEHIB 3AIHCHIOBAIOCA 34
cxemo10 bpera-bperrano. .

Yeepeneunii 3a 06°cMOM po3MIp JUISIHOK KOrepeHTHOro posciro-
BaUHA PCHTTCHIBCLKOrO BHitpoMintosanus (OKP) NOCAIANUX 3pasKiB Y
HANPAMKY, NCPIEHAMKYISAPHOMY A0 I'PyiH tutonHn 3 iuackcamu (hkl),
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‘ , 0.91 _
BU3HAYasK 32 pisHannam Lleppepa: (d)= Bcosg? € Ps— inTerpansha wu-
: S

puHa audpakuiiHoro pedexcy, yumpenns SKOro 3yMOBJEHe BITHBOM
AUCAEPCHOCTI 3paska; 1 — JOBKHHA XBHJI PEHTIEHIBCLKOrO BHIPOMI-
HIoBaHHs; O — KyT Mix AM(paroBaHnuM i nanaOuUM NPOMEHSIMH,

Crexrpn xomGiHauifinoro poscitoBaHHs cBiT/ja (KPC) niokcugom
TUTaHY 3aMUCyBanM, BHKODHCTOBYIOuM cnektpomerp JACD-24. Jlns
30Y/DKEHHS CIIEKTPIB  3aCTOCOBYBAIH aproHosui#i nasep JII'H-503 3
Ao =514,5 Hm.

Tepmiuny nerinparaunito nopomkororo TiO, Ta Temnosi edekry,
MOB’5132H1 3 NONIMOPOHUMH NEPETBOPEHHAMH, BUBYAIN METOLOM JepuBa-
torpadii (gepusarorpad Q-1500]], Yropiuuna) npu weuakocti Harpisy
10 rpaz. - x8™.

ITuToMy OBEpXHIO CHHTE30BaHMX MOPOLIKIB BHMIpIOBalH METOAOM
ancopbuii aprony 3 mOTOKY aprou-renieBoi cymimi HpH Temneparypi
77,2 K, BAKOpHMCTOBYIOUH i 0BMiKY 06’emy ancopbosaHoro rasy xpo-
marorpad. [loxu6ka Bumipis He nepesuityBana 6 %.

' Hepusarorpadiuni  gocnijukenns niporeHsoro NIOKCHAY THTaHy
MO3BOJIMJIM 3'ACYBATH, W0 HAHOMWCHCPCHUH NPOIYKT € cnaboriaparo-
BaHUM Marepianom. Ilpu warpisanni TiO, o Temneparypu 900 °C
Aerifpauiiituii mpouec cnocrepiracTbes B TEMOEpaTypHOMY iHTepBaii 20—
500 °C (puc. 2.9, kpusa 1). XapakTepHo, HIO ITOPOLIKOBUH MPORYKT
BTpayae BOAY Np¥ HArpiBaHHi, NOYHHAIOYN BXKE 3 KIMHATHOT TeMMNepaTypy.
3aranbHa BTpaTa Macu BOAM NpPU HarpiBaHHi Ao Temnepatypu 500 °C
craHoBuTh ~ 3,3 %. [Ipu temneparypi 100 °C Brpauaethes 6iMblua nosno-

0 -

-
o
i

Brpara macu, %

0 106 300 = 500 | 700 900
: Temneparypa,°C

Puc. 2.9. Kpusi tepmorpasimerpuusoro (1) ra
nuepennianpHo-TepmiuHoro (2) ananisis niporernoro TiO,
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BHHa BCici macu aucopbosanoi Boan (~2 %). B inrepsani Temnepatyp
100-500 °C piecopbyernes pewta 1,3 % Bojiy.

Ha kpusiii andepenniansno-repmiunoro ananisy (puc. 2.9, kpisa 2)
B TemnepaTypHomy inTepeanmi 370-650 °C peecTpytoThes ABa ek3orep-
MiuHi edexTH 3 MaKCMMYMaMH 1ipu Temnepatypax 425 Ta 515 °C. 3asua-
yeHi edexTh noB’a3aui 3i cnikaHHAM anarasHoi (asM  OKCHAHOTO
marepiaiy. [HMA exk3oTepMiunuii edekT y TeMneparypHoMy intepsani
650-825 °C 3ymosnennit (asoBuM nepexonom anatas-pyTHR. [lornu-
Hauus tewnosoi eneprii TiO, suie Temneparypu 825 °C Bukiukaue
reperpynyBaHHsM  (aKOMOJALI€0)  HAHOYACTHHOK, iHTeHCHikauieo
AnQysifnoro mMaconeperocy, wio 3abesneuye CikaHHs pyTUIbHOT CKNaf0-
BOI AIOKCUILY THTaHY.

Y tabmuui 2.2 HaBeAeHi 3HAuCHHs NUTOMOI NOBepxHi Ta (asoBuii
CKJI3/l IPOrEHHOFO AIOKCHAY THTAHY HiC/s [IPOXKAPIOBAHHS MOPOIIKOBOTO
maTepiany npu temneparypax 300, 500, 700 ta 900 °C,

Tabnuys 2.2

TTuroma nosepxus Ta Qazosuii cknan niporewnoro TiO,, Biananenoro
TIpK pi3HUX TeMneparypax

T o 2. Dazosuii cknan, mac. %
Ne s/n r,°C Se M1 o Dy
I - 73 73 27
2 300 74 79 21
3 500 71 80 20
4 700 68 68 32
5 900 48 33 67

13 3poctannsm 'I‘CMI‘ICEEIT)/PM Bianany Ti()z? S“-ll‘lopOlllK.OBOFO mare-
piany smenuyethes i3 73 M7 -1 (20 °C) 5o 48 M - v (900 °C). Mpu upo-
My BMICT aHaTasy Mic/is npoxapioBaHHs 1Ipu Temnepatypi 300 °C aewo
3pocrae i3 73 % (20 °C) o 79 % (300 °C), ane B noAanbuioMy 3 HifBH-
LUCHHAM TeMIepaTypu Bianany Horo KilbKicTb 3MEHLIYETHCS, a PyTHIY,
BIANOBiAHO, 36inbliyerhes (Tabn. 2.2). [licas Bianaay niporennoro npo-
AyKry npu Temieparypi 900 °C BmicT aHarasy cranoBuTbh 33 %, a pyTHIY
- 67 %.

3a panumu [100], npu sucoxoremneparypuomy sinnani TiO, Mox-
mBi pisni cxemH  Ba3oOBHX  NEPEXOJiB, A came:  auaras — pyTuIL,
anaras — OpyKIT - pyTHii; OpyKiT — anaras — pyTist; OpykiT — pyTun.
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Peanizauis KOHKPETHOT CXeMH 3aneKUTHL Big HAABHOCTI CTPYKTYPHUX
AdedexTiB y kpucTanmi, cniBBigHOWEHHS ¢a3 y BuxinHomy mMatepiani,
MPUCYTHOCTI. JOMILIOK iHWIMX MeTais. anwj;}cicrb TpaHcdopmarii
aHaTasy B pyTHJl IDH HarpiBaHHi Martepiany B intepBai Temnepatyp S00—
1200 °C 3pocrae npu 36inbmenHi Bakanciii KUCHIO B TiO, [101]. ITpuuomy
31 . 3MEHLIEHHAM KOHUEHTpaLii KMCHIO B oToMyrouiit atmocdepi
KOHLEHTpalis BAKAHCiH KHCHIO 3pocTae. '

BuMipioBaHHs po3MipiB HAHONACTHHOK BUXiZHOIG TiO; 3a ix doto-
rpadieio (puc. 2.10), 0aepxaHOO 3 JONOMOroI0 TpaHcMmiciitHoro enexr-

{ . 250nm :

Puc. 2.10. dororpadii HanouacTuHOK NiporeHHoro AiokCuay THTaHy (a)
T2 TiO, micna npoxaptosanus miporeHHoro npoayKTy
fipu Temnepatypi 500 °C (6) i 900 °C (s).
Y KyTKy noxasaHi enekrpoHorpamu marepiany

poHHoro Mikpockona (TEM), x03sonunu BCraHOBATH, WO GiisuiicTs
HanouactuHok (~70 %) mae cepeaniit posmip 50 Hm, a po3Mipu peurru
HaHOYaCTHHOK CTAHOBJATDL NOPsAAKY 25 um (puc. 2.10 a).

ITicns signany TiO, npn Temneparypax 500 °C ta 900 °C naio-

YaCTHHKK 30iNb1UYI0TE CBOT posMmipu Bignosiaso g0 100-120 um ta 140~

200 um (puc. 2.10 6, B).
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Puc. 2.11. Banexuicts cepenuboro PO3MIpY IAAHOK KOTEPEHTHOTrO
PO3CHOBAHHS PEHTTEHIBCHKOTO BHIIPOMIBIOBAHHS AHATA3OM (a) ra
pyrunom (6) y spaskax TiO,, signanenux npn PI3HHX TemnepaTypax

Ha puc. 2.11 (a, 6) nokasana sanexHicTs cepentboro posmipy OKP
PEHTIEHIBCLKOTO  BUIIpOMiHIOBauns (<d >) anarasom ra pPYTHIOM Y
3pakax TiO,, BinaneHux npu pizHux Temieparypax.

Busunaueni 3a meronom Illeppepa cepenni posmipu OKP anarasy ta
PyTHiY 36IraioThes i3 CepeiHiMU PO3MIpPAMH HAHOYACTHHOK BIAMOBiAHMX
3paskiB, BH3HAuYCHHX 3a ix ororpadismu, OJICPHAHKMHU 3 AGNOMOIOIO
TEM.

36ir 3a3paueHnX NapamMeTpiB 3ACBIAMYC, WO KOXKHA OKpeMa HaHo-
JacTiuka niporenuoro TiO, € MoHOKpHCTANIUHOI0.

Dakruuno cepeni posmipu OKP, poO3paxoBaHi st awarasy Ta
PYTHIY, CIILIL OTOTONHIOBATH i3 CCPCHIMH POIMipamu MOHOKPHUCTaniYHHUX
HAHOHACTHHOK anarasy Ta pytuny. Bukopucrosyiounm rakmii nigxin,
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MOXHA BHSBMTH, IO richs Bianamy npw remueparypax 300 ra 500 °C
CepeNlHiil posMip MOHOKpHCTaNiYHuX HAHOYaCTHHOK aHaTasy BijnoBifHO
36inbiyerbes 3 53 umM 10 63 Ta 97 Hm Lle 3acminuye akrusny koanec-
UEHUiI0 HAHOKPUCTANiB aHaTasy fipy Brasanux Temneparypax. OfHak 1pu
Temneparypi > 500 °C rpancdopmaris aHarasy B DYTHI HPW3BOJHMTH JIO
3BOPOTHOTO NMPOLECY — 3MEHIUCHHS CEPENHbOrO PO3MIpY HaHOKpUCTais
aHatasy.

Yactunku pytuny inrencusHo 3POCTalOTh Y pO3Mipax TifbkH npu
Bianani Matepiany npu Temneparypi > 700 °C.

MMapamerp a komipku anarasy nicns npoxapioBaHHs TiO; npu
Temneparypax 300, 500 °C npakTHuHO He 3MIHIOETBCS, A iH LM napameTp
¢ 30epiraeThecs HE3MiHHUM | micis BiliNANny OKCHAHOrO Matepiaiy 1ipw
Temnepatypi 700 °C.

Ilpoctexumo, sx 3MiH0OIOTHCS MapaMETpu KOMIpKH aHarasy Ta
PYTHIY [iCAS APOXapIOBaHHS niporentoro TiO, npu pisuux Temne-
parypax (puc. 2.12).

PaKTHYHO 3POCTAHHSA PO3MIPY HAHOMACTHHOK aHartasy B Temunepa-
TYpHOMY iHTepBani go 500 °C ne CYNPOBOJKYETLCSt CYTTEBOK) 3MiHOIO
CTPyKTYypHUX mnapameTpiB komipku. Qpgrak npoxaptoanis TiO, npu
OinblI BUCOKHX Temaeparypax (700 i 900 °C) npusoguts no CYTTEBOIO
3MCHLUCHHS NapamMeTpa a i 3pocTaHHs napaMerpa c.

Hwmosipro, smenwenns HAHOYACTHHOK aHaTasy B TEMIepaTypHOMY
inTepsani a0 500+900 °C g pesybTari andysitinoro Biatoky aromis
KHCHIO Ta THTaHY Ha (OPMYBaHHA HAHOYACTMHOK PYTHIY [IPHBOAMTHL 10
YTBOPEHHA 6inbll AePeKTHOT 040 KHCHIO CTPYKTypu aHatasy. Mosxiuso,
BKa3aHUH xapakrep 3MiHu NapaMeTpiB KOMipKM 3yMOBIECHUIT MexaHiu-
HUMH Hanpyramu B HAHOYACTHHKAX y pesyabTaTi i Tcky Jlannaca, sxkuii
301IbIIYETHCS B Mipy 3MEHILICHHS iX po3MipiB.

Ans pyruny s3i 3pocranmam TeMIepatypu Bianany aso¢azHoro
[TOpOIUKOBOrO  Marepiany MPOCTEXYETLCH TeHACHLs 0O 3MCHIUCHHS
Tniapamerpa a. Ilapamerp ¢ spocrae s pesynbrarti Bianany matepiany npu
Temneparypax 300, 500 °C i smenwmyerscs micns ioro IpOXaPIOBAHHS
lipu Temneparypax 700 Ta 900 °C. Takuii XapakTep 3MiHV CTPYKTYpHUX
napaMeTpis  pyTHILHOT dasu TiO,, OYCBHAHO, TAKOK MOB’A3aHUR 13j
3pOCTaHHAM KOHUEHTpauil Bakanciii B kucHesiii niarpatui  giokeuay
TUTaHy.
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Puc. 2.12. [Napamerpu komipku anarasy (a) ta pyTujty (6) nicas gianany
niporexsoro TiO, npu pizuux TeMnepaTypax

Y uioMy MOXHa KOHCTATyBaTH, 1O NapameTpH KOMIPOK aHaTtasy Ta
PYTHIlY BHXILHOTO MipOreHHOro AiOKCHY TiO,, a Takox pocnigunx
3pasKiB IMICAs BIANANY MiPOreHHOro NPOAYKTY MpH PI3HUX TEMIIEpaTypax €
CYTTCBO MCHIIXMHU 33 MapaMETPH KOMIPKH BiNOBIHUX (a3 OPOLIKOBOIO
AIOKCH]lY THTAHY 3 YACTHHKAMM MiKPOMETPUUYHOFO macwtaby (tabn. 2.1).

Likasy indopmauito wono dazosoro cKiialy, crexiomerpil okcua-
HOT'O MaTepialy MOXHA OCPKATH 3i CHEKTPA KOMOIHALIRNOrO po3citosan-
Hsa ceitna (KPC).



‘ Ha puc.2.13 nokasaui cnextpu KPC suxinuoro miporennoro
HIOKCH Y THTaHy‘(]) Ta JOCHIJHUX 3PA3KIB, OACPAAHNX Y pesyibrari
APOKAPIOBAHHA MHPOICHHOTO TPOAYKTY fipn remneparypax 500 °C (2) ra
900 °C (3).
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Puc. 2.13. Cuextpu KPC HIPOTeHHOTO JlioKCHIY tarany (1) ra TiO,

OAIEPKAHOTO MPOXKAPIOBAHHAM MiPOreHHOTO POAYKTY
fipk remrniepatypax 500 °C (2) ra 900 °C (3)

_Bi%mMO', wo B cnekrpi KPC pasoMm i3 xBuieio 36y Ky oUuoro
Bnn‘pOMlHlOl?aHHﬂ PCECTPYIOTBCS ONTHYHI XBUJII-CYTYTHUKH, sKi 3YMOB-
JICHI ‘3yCTPIYHMUM THIIOM DYXIB HEEKBIBANCHTHUX ATOMiB Y KoMipui
uocm,u)xyaaﬂp'f peuosknu [102]. dakruuno y Bunagky TiO, 30Bniwne
CNEKTPOMATHITHE BHIPOMINIOBAHHS MOJYOCTHCS BHYTPIIIHIMH ONTHY-
HHUMH KOJIMBAHHAMMU aTOMIB OKCUHOrO marepiaiy.

YCTaHOBneHo, 1o B npoueci kombinauiiinoro poscitosanis csitna s
aHaTa31l aKTHBHUMU € TPU MOIU KONNBAHL Avg, 2By, 1a 3E,, wo symosnewui
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BIANOBIZHO CHMETPHYHUMH, ACHMETPUUYHUMH Ta /ABIdi BHPOJKEHUMH
konuBanHaMu aromis TiO,. B anarasi miporesworo piokcuiy Tutany
[103-105] Bkasani MoaM NPOSBIAIOTHCH 6 CMyTramy {(cynyTHuKaMu) 3
MakcuMyMaMu nipu 525 cm” (ayGuaer Aig, Byg), 404 em™ (Byy) ta 641, 201
i 148 em™' (By),

Y cnektpi KPC pyTuily akTUBHHMH € TifbKH TPH MOXM Ajg By, Ta
Ey[103, 106]. Pyruabniii moaudirauii niporewnoro aiokcuny turasy
HAJIOKATh CMYTHM 3 MAaKCUMyMaMu npu 617 CM"(A,g), 247 cm™ (Byg) Ta
453 em™ (E,).

Bignan TiO, npu remneparypi 300 ta 500 °C npusoguts a0 He-
3HAYHOrO 3MilUEHHA MaKCUMYMiB cMyr y cnektpi KPC aunarasy B KOpOT-
KOXBUJIBOBY JLJIAHKY.

Y criekTpi miporenHoro marepiaiy, BiananeHoro mpu TeMIeparypi
900 °C, kpiM iHTEHCHBHUX CMYT, L0 HAJIEKATH pyTHY, Ta HC3HAYHHX 34
IHTCHCHBHICTIO CMYT aHaTasy, B JOBrOXBHJbOBIH AMAHUI PEeeCTPYIOTHCS
HeifeHTUiKOBaKi CMYTH 3 MakcHMyMamu npu 120, 92 ta 82 eml. Ykasani
CMYTrH, HMOBiIpHO, NOB’s3ani 3 HaspHictio B TiO, He3HauHo! KiTbKOCTI
Opykiry, yrsopenoro npu sinnani TiO,. Ilesni cepii ontuunux Mon 6py-
KiTy fIKpa3 APOABNAIOTLCA B KOPOTKOXBUJIBOBIN MiNsHLL cnekrpa KPC
[107].

Y pobori [108] asropu Bukopucranu crextpockoniio KPC ans
KUIBKICHOTO  Bu3Ha4eHHs aroMHoro cnissignouicnns O/Ti 8 TiO,
BHSABACHO 3aNeXHICTL YAaCTOTH CHEKTPANLHHX CMYT aHaTasy Ta pyTHiy,
O PEECTPYIOTLCS BIANOBIAHO B inTeppani 140150 cm™' T 420-450 em,
Bijt cnisBigHowenns O/ Ti B Mexax 1,88+2,0. CkopUCTaBWHCH BiOMOIO
3aJIeKHICTIO, MU BU3HAUMIIM Jlake cRiBBiAHOLIeH s B niporentomy TiOQ,. s
BUXIAHOrO Matepiany BOHO BusiHiocs pisnum 1,97, a ans TiO, nicns
BiAnany npu Temneparypi 500 °C - 1,96. Orxe, npoxaproBakHs OKCHIHOIO
Marepiajy ClpUsie 3pOCTaHHIO HECTEX IOMETPUUHOCTI JNOKCHLY TUTaHY.

DopManbHO  3MiHY  eNCKTPOXIMIYHOIO NOTCHL{iaNy rajbBaHiqHOL
cuctemu Li|TiO, B npoueci intepkanauii nirtito B karojuuii Marepian
MOXHA PEECTPYBATH, BUMIPIOKOYM €NEKTPOPYUIiHiHY chity (€.p.c.) Jkepena
MpPH 3pOCTaHHi “TOCTLOBOIO” BNPOBA/DKEHHS Li.

Jnst enexTpoxiMiuHOro jukepesna, BUroTOBACHOIO 3 BHKOPHCTAHHAM
B SIKOCTI aKTHBHOTO MaTepiajly Karoja MiporeHHOro RiokCUmy THTamy,
3AMEKHICTL e.p.c. (E) Bia cryneHs “roctboBOro” HABAHTAKCHHS (x)
nokasaua Ha puc. 2.14 (1).
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Puc. 2.14. 3anexuicTs enekr, POPYLWiAHOI CHIH JKepena CTpyMy Bij
BIIHOCHOT KOHUEHTpPauii iHTepPKAILOBAHOrO JiTHO B matepiani karona,
BHUTOTOBJICHOTO HA OCHOBI ITIPOrEHHOTO nnoxcuuy turany (1) ra TiO,,
CTPYKTYPHO MOAN(IKOBAHOrO BIANANIOM NIPOTEHHORO NPOAYKTY npu

Temnepatypax 500 °C (2) ta 900 °C (3)
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Y BUIAAKY  BIACYTHOCTI  BNPOBYLKCHOrO 1iTii0  cranionaphui
notenuian TiO, popisuioe ~ 3,1 B. I3 3poctanusm BiasocHol MOJICKY N1sip-
HOT KOHUEHTPAUIl BHPOBAKEHOrO nitho £ 3Menmyerbes, Onuak ua
rpadiuniit sanesxsocti F = f{x) MOXHA BUAINMTH IHTEPBANM BiAHOCHOT
KOHLCHTpaWii BIPOBaLKCHOIO JIiTio, a came: 0,12 <x < 0,9; 0,9 <x<22;
3,1 <x < 3.6, ne snauenns £ ue sminiocrbes, a dx/dE pisko 3pocrae.

Takni  xapakrep amiun enextpoximiunoro noreduiany, a came
HE3MIHHICTL £ 31 3p0cTantaM KOHUCHTpaNii iHTCPKAILOBAHOrO JITiI0 BKa-
3Y€ Ha aKTHBHY CTPYKTYpHY 11epeOy0By MaTepiany- rocnojaps”, B npo-
ueci kol B MaTepiati CTBOPIOIOTHCS HOBI BAKAHTHI LO3MNIT AN BIIpOBa-
JOKEHHA aToMIB HiTito.

Binman npu pxasaniii remrneparypi cupusc 36uiblueHHIo npu x =0
CTauioHapHoro norteHuiany marcpiany karoga go 3,3 B. Ha rpadiuuii
sanexocti £ = f{x), ska 3o6paxcra na puc. 2.14 (2), micturbes Gisbiua
KUILKICTh FOPH3OHTANLHUX MIATO B NOPIBHSHNI 3 nesinnanennm TiO,,
O/IHAK X KOHUCHTPAUIHHI IHTEPBAJH € MCHILIMH.

Haibinbuii 3a BeJMUMHOIO TOPU3OHTANLHI NIAHKM MICTATBCS B
inteppanax 1,0 <x<1,7 ta 1,7 <x<2,5 ”()K[)dllleliﬂﬂ EHEPreTHIHHX
MOKA3HUKIB JIAHOTO KATOAHOIO MaTtepiany HE MOXHA [0B’A3aTH Hi 3 HOro
AHMCIEPCHICTIO, Hi 3 ()a30BUM CKJIAAOM, OCKIILKM B HOPIBUSHHI 3 BUXil-
uum TiO, npoxcaptoBaiia MOPOIIKOBOIO AIOKCHY THTAaHY NIPUBOANTD O
3pOCTaHHs PO3MIPIB HAHOYACTHHOK aHATa3Hol (hasM, a KiAbKiCHE Chip-
BIZIHOILIEHHS aHaTa3 / PYTHII CYTTCBO HE 3MIHIOCTHCS.

Bianan miporennoro TiO, npu BHCOKHX Temneparypax CyTTeBO
3MIHIOC EHEPreTHUYHY CIPOMOXHICTL KaTOAHOrO Marepiany. Y tabnuui 2.3
MokasaHi CHEPreTHUHI NapaMeTpH eNeKTPOXIMIMHMX JDKEPEN 13 KaTOAAMH
Ha OCHOBI JJIOKCUJY THTaHY.

ExepreTuyni nokasuuin enekTpoxXiMiuHoro jpkepena 3 katoioM Ha
ocHoBi niiporenHoro TiOy, vianasenoro npu remneparypi 500 °C (3pasok
3 B Tabn. 2.3), € HaliBULUMU B DOPIBHSHMI 3 lapamerpam  iHMx
Marepianis. Tlpu pospsuxenni jokepena no uanpyru 2,2 B ta 1,5 B,
HAMPHKA/, MHUTOMA CHEPIETHYHA CMHICThL MaTepially CTAHOBHUTH, BiflNO-
BiZtHO, 860 M- 200 2" 7a 1550 mAd 20027

3pocTaHHs BMICTY PyTHABLHOT (ask B MaTepiani katona (3pasok 5y
Tab. 2.3) NpU3BOANTE 10 3HIKEHHS OO CHEPreTHINON CIPOMOKHOCTI.
[Tutoma exepreTHuHa eMHICTH CICKTPOXIMINHOTO J/DKEpeIa NPH po3ps-
AXanHi 10 nanpyru 2,2 B ra 1,5 B sijuosiano aopisnioe 330 ad-coo-o !
915 mA-200-0"
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‘ Tabruys 2.3
ITutoma emuicTb (C) Ta nuroMa noTyxuicTs (W) enexTpoximMiuHux
JoKepest CTPYMY 3 KaTOJaMK Ha OCHOBI MiPOreHHOro AIOKCH/ly TUTaHY

‘ EHepreTuiHi napameTpu Jokepena Iipr po3psukenHi 10 Hanpy i
No a/n U=22B U=1,5B

KaTOLHOTO C, C, MBm - 200
watepiany | x| w00 | W, HEIO g te | M

1 1,4 430 900 4.0 1220 2758

2 1,1 370 795 3,5 940 2260

3 2,5 860 1820 5,0 1550 3400

4 1,2 390 850 3,5 950 2400

5 1,0 330 695 3,3 915 2200

XOo4 eHepreTHuHi MNOKA3HMKH JAHOTO JDKEpENa € HWKYHMH B
MOPIBHAHHI 3 IHLIMMM, BOHO Mac MepeBary B TOMY, IO Ha rpadiuniii
3anexHOCTi £ = f{x) peecTpyeThesl LIMPOKE rOpU3OHTAILHE NNATo B
iutepBani 0,5<x<2,0, B Mexax sKoro CNIEKTPUYHHI  moTeHLja
MaTepiany 3meHinyeTbes nuwe Big 3,06 B 10 2,98 B (puc. 2.14 3).

Tlpu 3anoBHEHRAI JiTiEM HE3HAYHOT KiNbLKOCTI OKTag[PHYHUX MO3UIIH
aHatasy 30epiracTbCsl TeTparoHabHa CTPYKTypa MaTepiany-“rocrogaps’.
I3 3pocraunaM BigHOCHOT KOHUEHTpAUil IHTePKaNbOBAHOIO NiTiIO B
KaTojHOMy Matepiani Ha ocHoBi niporentoro TiO,, a came ~ B iHTepBasi
0,35 <x<0,9 (puc. 2.14), kpim TerparonanbHux (a3 miokcumy THTaHY,
PeeCTpyeTbes  yTBOPEHHA opTopoMbivHol dasu LipsTiO, (mpocroposa
rpyna Imma). YTeopenus 3asHauenoi dasu npu x<0,5 3acmiguye
HepiBHOMIDHE 3aTlOBHEHHS ATOMAMH JTIIO BAKAHTHUX NO3MILH B 06 eMi
HAHOKPUCTAJIIYHUX YACTHHOK aHATa3y.

Ipu nopanbwiii inTepkansuii nirito B koHuenTpauilinomy iHTepBai
0,9 <x <2,2 peectpyerbes, kpim TeTparonansuux das TiO,, ky6iuna bhasza
LiTiO, (mpoctoposa rpyna Fm3m). Kpucramu LiTiO, 3a 0y 1oBoOIO
61m3bKi 10 MoHOOKCKAY TuTany TiO, ¢ 3 6a30B010 CTPYKTYpOI0 Bl (NaCl)
[109]. ®aszosuit nepexin LigsTiO, — LiTiO, Buriguuit ans iHTepKa-
NAWIAHOrO Mpouecy, OCKibki 3a aHanoricio 3 TiOy crexiomerpuutuii
cknan kyGiuvoi asu LiTiO, moxe mictutn o 16 at. % paxauciii s
KMCHEBIH | TUTAHOBIH migrparkax.

TakuM 4MHOM, y Mipy 3pOCTaHHS BIPOBAIKEHOrO JITHO B KATOJ-
HOMYy wmarepiani Ha ocHoBi amatasnoi moandikauii, TiO, nepioguuno
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1n1epeby I0BYETbCS, CTBOPIOIOYM 3 aTOMaMHM JITIIO HAACTPYKTYPH, B AKHMX
BIAKPUBAIOTHCH HOBI “TOCTHOBI” MO3HILLIT,

Ockinbky rpanenenTpopana Ky6Giuna komipka LiTiO; teopernuno ne
MOXe OyTH CTPYKTYpPHO MO/EpHi30BaHa Ui opraHisauii B Hill Micub ans
NOJANbLIOrO BMNPOBA/KEHHS aTOMIB JiTil0, OYEBWAHO, IHTEepPKAIALiliHI
IPOUECH MOBHHHI 3aBEPLIYBAaTHCA YTBOPEHHAM JaHoi ¢aszu. OpHak, sk
6aunmo 3 puc. 2.14 (1), opu x =4,0 cTauioHapHHH eNEeKTPUUHUMA NOTEH-
LiaJl KaTOAHOrO Marepiany sMeHwuscs 3 3,1 B ane go 2,2 B.

Y KaTOAHOMY MarTepiafi 3 NepeBaXaloyuM BMICTOM PYTUIIbHOT (asu
(3pasok 5, Tabmuus 2.2) npu inTepkanauii MTIIO YTBOPEHHS OPTOPOM-
Oiunoi dasu LiysTiO, He crnocrepiraerbes. B iwrepsani BianocHoi
KoHueHTpauii nitio 0,8 <x < 1,2, U0 BIANOBIAAE FOPUOHTANLHOMY NJIATO
Ha rpadiuniit 3anexnocti £ = f{x) (puc. 2.14 (3)), peecrpyerbes ky6Giyna
taza LiTiO,.

LlikaBo 3’sicyBatn (asoBuit CKJIaA €NEKTPOAHOrO MaTepiany npu
BEJIMKOMY “TOCTHOBOMY™ HaBaHTaXeHHi fiTieM.

Ha puc. 2.15 nokasadi peHTreHOrpaMH KaTOAHMX MaTepiaiiB Ha
OCHOBi MiporenHoro giokcupy THtany Ta TiO; crpykrypso moaudi-
KOBAHOrO BiJANaNOM IMiPOreHHOro NPOAYKTY npu Temneparyvpax 500 °C ta
900 °C 3 “rocTe0BHM” BMiCTOM JTiIO PiBHUM X = 3,5.

Macosa pons LiTiO, B nocnijokyBaHux mMartepianax He 3ae>kuTh Bij
ix ¢azosoro cknany ta Mopdonorii uacTMHox i craHoBHTH 78-83 %.
XapakTepHo, 110 MacoBe CHiBBIJHOWEHHS anatas/pyrtun (puc. 2.16)
3MEHLUYETLCA TCAs yTBOpeHHs KyGiunoi ¢asu B yCiX KaTOZHHMX Marte-
pianax Ha ocHoBi TiO,. lle cBipuuth npo GiibWy WBHAKICTL BOpPOBa-
JUKEHHS HiTiI0O B HAHOKPUCTaNuHKil aHaTa3s,

BukopucToBylouM 3aexHICTh €.p.C. E€NEKTPOXIMIYHOIO [xepena
CTPYMY Bijl TEMIIEPATYpH, PO3paxoBaHa 3Mina enrponii ( 4S ) Marepiany-
“rocnonapa” BiIHOCHO JTIEBOrO €NEKTPOAA NPH BHPOBAIPKCHHI B HOTO
CTPYKTYpY aTomis niTiio (puc. 2.17).

Y xonueHTpauifHOMy iutepsajsi O <x<3,75 BennudHa AS €
BiJ1’€MHOIO, NPUHOMY 3alexXHicTh A4S = f(x) Mae MidiMmyMmu nupu x = 1,5.
HmosipHo, npu 3a3uaveniif BigHOCHIH KOHUEHTpaUil iHTepKajbOBAHOTO
JTil0 3aBEPLIYETLCA MPOUEC BIPOBAKCHHS NiTiI0 Ge3 [eCTPyKTHBHUX
3MIH y MaTepiadi “rocrnojaps’”.
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Puc. 2.15. PeHTrenorpamMu xaToanunx Marepianis Ha OCHOBI MiPOTEHHOro
niokcuay Tutany (a) Ta TiO; cTpyKTypHO MOAUGIKOBAHOTO BiANANOM
niporenHoro npoaykry npu Temnepatrypax 500 °C (6) ta 900 °C () 3
FOCTBOBHM BMICTOM J1iTifo piBHoMy x =0 (1) Tax = 3,5 2)

OuiHioruK eHepreTHYHi napamMeTpu KaTOLHHX MarepianiB Ta aHa-
nizyrouH IX CTpyKTYpHi 0COBIHBOCTI, MOXHA CTBEP/DKYBATH, MO KiNbKicTh
abcopbuilinuX LEHTpIB Y BHIMAL KHCHEBHX OKTae/piB i Terpaeapis y
PYTHII, aHaTa3i, a TakoX y HAACTPYKTYpax, Lo YTBOPIOIOTbC B Mare-
piani-“rocnonapi” (Lig sTiO, LiTiO,), € nenoctatapomo Jui 3abe3neueHns
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B MPOUCCT  CTPYMOYTBOPEHHS PCanbiol  eHEPreTHIHOT CIIPOMOKHOCTI
NROCAIKYBAHUX MaTepianis.
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Puc. 2.17. 3mina enrponii katoaHore Marepiany Ha 0CHOBI MiPOTeHHOrO
TiO; npu inTepxanauii B oro cTpykTypy aromis JiiTito

llpn nepisnomipromy 3anoseendi “rocrboBux” nosuuii B 06’eMi
HAHOKPUCTANIB Y TX NPUAOBEPXUCBUX NPOIIAPKAX UIBUALIE OCATACTHCS
HEOOXi/iHE MOJIEKYISIPHE CTIIBBIAHOLIEHHS MK iHTEPKATILOBAHUM NiTieM |
TiO, anst peanizauii nokanbHoro dasosoro nepexony TiO; — LiysTiO,
a6o TiO, — LiTiO,.

PisHuus B nuroMili rycruni sapoakis noeoi (a3u Ta puxignoro
KpHCTaNa HEBIABOPOTHO IPU3BOAHTS 10 YTBOPCHHS TPIUMK Ha Mixdasniii
rpaHuLL.

M BBKAcMO, WO KpekiHr (anen. cracking - PO3TPICKYBAHHSA)
HAHOKPUCTANIB MOXIIHBHI He TINLKW B PC3yNsTari noKambHuX (asoBrx
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nepersopeds B 06’eMi nanoxpucranis TiO,, aje i B npoueci 6ezno-
cepetboi IHTepKansuii aTomiB Jitiio B CTPYKTYpY aHatazy abo pytuny.
Ilin wac snposamxenns nitito 8 TiO, rpatka matepiany-“rocnonaps”
cnabHO nedopmyerbes. JKogna oxracapuuna abo TeTpacpuUyuHa NO3HILs
HC MOXKE NpUAMaTU aTOMU JIiTiI0 6€3 3MiHu napameTpis komipku. Komipka
aHarasy 3a3Hac aHI30TPONHOro posliMpeHHs Ha 1 % y g-nanpsmky,

8 % y b-HanpsimKy i 3ByXKEHHA B3IOBXK c-HANPAMKY Ha 5 % [110].

Hng pyruay Oinbly  BHrijHE pO3MILIEHHS MITIO B KUCHEBMX
oktaeapax. [lpwn ix sanosuenni 06’eM koMipku 3pocrae Ha 7 % [111].

O6’emui 3minu B womipui TiO, aeropu [112] nos’szyiore He 3
noKaiabHumu  jieopMantisMm, 3yMOBJICHUMHW BIPOBAIKEHHIMH aTOMIB
JTIIO, & 3 TEPEPO3NOAINOM ENEKTPUYHOIO 3apsifly, BUKJIHKAHOTO nepe-
XOAOM aroMa MiTio B ioHizoBauuii crad. Ilpuuomy 3apsia, mo noka-
JI3YETLCA HA IOHAX TUTAHY, B YOTHPU PasH [1EPEBULLYE 3HAYESHHS HATHLL-
KOBOrO 3apsijly, WO MPUMAJAc Ha [OH KMCHIO. Lle MOACHIOETbCS THM, L0
IOH THUTaHy 3HAXOAMTBCSI B OTOYEHHI GILIIOT KiJIbKOCTI iOHIB KHCHIO.
Ormxe, HailOiNbUI BIPOTIAHO, PyWITHHOIO CHIIOIO CTPYKTYpHEX Aedopmantiii
€ IOMiHyIOU€e 3DOCTaHHs IOHHOrO pajliyca THTaHy.

Criijt 3a3H2YUTH, L0 3POCTAHHIO BiIHOCHOIO PO3lUMpenHs iHTepka-
NbOBAHUX JIOKAMLHUX OG’€MIB y HAHOYACTUHKAX aHaTasy Ta pyTuiy, 1pu
BIPOBAJDKEHHI JIITIIO, CIPUSAIOTH SKPA3 MEHIUI 3HAYEHHS MApPaMeTpiB KO-
MipOK HAHOKPHCTAJIIYHOrO AIOKCHIY THTANY.

Hedopmauii 8 HaHowacTHHKAax nig  Yac iHTepkanauii - jitiem
30inbLyIOTHCA Wy BHTAAKy 3pocraHbn gediuuty kncHio B TiO,, 1wo
PEECTPYETHCS MICNs KOro BHCOKOTEMMEPATYpPHOIO BiAnany, OCKiILKU Le
TaKoX MPU3BOAUTD 10 3MEHLIEHHS NapaMETPIB KOMIPKU MaTepiais.

[TosepxHs, 1o yTBOpeHa B pe3yibrati KpPeKiHI'y HAHOKPUCTaniB, €
aKTHBHOIO L[OJ0 aacopbuii Ha Hiii iMmux atomis. llentpamu apcopouii
JMITiHO MOXYTh GyTH MOBEPXHEB] ATOMM KMCHIO, B SKMX HOPYIUEH] XiMiuHi
3B’S3KM 3 OTOUYIOYHMH aTOMAMH TUTaHY.

Tlpu ToBUWHI AECTPYKTYPOBaHOrO WAPY Ha FPaHHlLi po3ainy, skuii
uopmmoe 2—4 aromuum monomapam (0,5-1,0 um), i cepentbomy po3mipi
3epHa 10-20 HM Ha NOBEpPXHEBHil MPOIIAPOK npunajaae npubnusno 50 %
yciei peyounu [113].

Omxe, reHepyBaHHs TpiluMH y HaHouwactuHkax TiO, 8 pesymbrati
IHTEepKAIALIT ITIIO CTBOPIOE BENMKY KilbKICTh afcopBuiiiux LenTpis ais
38’A3YBaHHA aTOMIB HiTitO.
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Takum yHHOM, HIOKCH]L THTAHY, OACPNKAHHIT B Pe3ysTaTi mipore-
HOTO CHHTE3Y, ¢ cnaboriiparoBaHiM ABOMA3ZHUM [OPOIIKOBUM MaTepia-
SIOM, 1O MICTHTbL aHartas Ta pyTHi. CnispigHoWeHNs Kpuctanivnnx ¢gas y
MiPOreHHOMY LIPOAYKTI 3aJleKUTh Bl YMOB #Or0 cuHTe3y ¥ Temneparypu
Bignany.

Iip uac esnexrpoximiunoi inrepkansiii airito  MosokpucTaniuui
HAHOYACTMHKM aHartasy Ta PyTHIY 3 HEOOXiAHICTIO NpoXoasTh npouec
KpEKiHry.

OTrxe, CTPyMOYTBODIOIOUI €REKTPOXiMiuHi peakuii, uo sabesne-
UYHOTh BEJIMKY CHEPreTHYHY CHPOMOXHICTL KaTOAHMM Marepianam Ha
ocnosi niporennoro TiO,, B JITIEBHX JpKepesiax CTPyMy NoB’si3aHi He
THIBKK 3 BIPOBA/DKEHHSIM aTOMIB JIITIIO B KHCHEBI OKTAeApH (Terpaeaph)
aHarasy Ta pyTuiy, ajie il 3 aicoponiclo HiTii0 Ha NOBEPXHi TPilMH, 11O
YTBOPIOIOTHCS B pesynbTari paudysiiino-nedopManiiiunx npouecis ta
nokanbHux Gasosux nepersopenb TiO; > Liy sTiO, abo TiO, — LiTiO; B
00’ eMi HaHOKpUCTANIB.

Hait6inbury nuromy eHepreTHuHy €MHICTb Mae eeKTpoXiMiuHe
JXCPENO 3 KATOJAOM Ha OCHOBI JIOKCHJlY THTaHY, BIATIANEHOTO NpH TeM-
nepatypi 500 °C. Tlpu pospsjpkentii jokepesia 1o nanpyru 2,2 B fforo nu-
TOMa €EMHICTh CTaHOBHTL 860 MA -rox-1' i y ABa pasu nepeBHULye MUTOMY
€MHICTh JDKepena 3 KaTOAOM Ha OCHOBI BUXifHOro niporenkoro TiO,.

§ 2.4. OcobGauBocti npouecy iHrepransuii aiTiio B KpucrTaivni

mMoaudikanii flokengy Kpemuiio

Kpim TiO,, nepcnekTuBHMM KaTOAHHM MATEPIANOM JIHTICBHX DKEpen
KUBJICHHS € JIOKCHJI KPEMHIIO, HI0 iCHYC B NPHPOAl, B OCHOBHOMY, Y
BULJISAI TPHOX OCHOBHUX (POPM: KBAPILY, TPUAHMITY Ta KpUcTOGaniTy.

Ksapu yrtsopioc asi Moaudikauii: BUCOKOTCMUEpPaTYpHUIi rekca-
ronanbuuit -xpapy (niporenunii KBaply), skuit pH HOPMaNbHUX THCKAX
crabinbuuit B Mexax 573-867 °C, TpuronanbHuil G-kBapiy (BnacHe ksapw),
ctabinsuuii npu HU3LKUX (1o 573 °C) remriepaiypax.

CrpykTypu o- 1 B-kBapily € CIPYyKTYPaMH KapKacHoOro THIY, B AKHMX
TETPacApy 34iICHOBaHI cnifbHUMK  Beputamu [114, 115]. Oci 2-ro
MOPAJAKY TETPACAPIB OPICHTOBAHI B HATNPSIMKY OCi 6-r0 MOPAAKY (NOTPii-
HOT) CTPYKTYpPH; TETpaeapH, po3TalLOBaHi HA PI3HUX PIBHAX O Chipansax
(puc. 2.18), sxi 3akpyuyloThes npasopyu aBo NBOpYH 34 JBOXOJOBUM



PBHHTOM HABKOJIO OCHOBHHX OCeH cumerpii y Bunaiky (- uu o-ksapuy
[115]. Y crpykrypi a-ksapuy Bijgcrani Si-O=1597 i 1,617 A, a sigcrans
O-O sminroerses Bia 2,604 po 2,640 A. Kyt Si-O-Si = 144° [116], 8 Toii
4ac AK y cTpykrypi f-kBapuy siu jgopismoc 180°. [Tpu nepexosi B-ksapuy
B O-KBAPU CTPYKTYpa AEHOPMYCTHCA, 3 UMM TIOB’SI3aHO 3HMKEHHS CUMETPIT
O-KBApUY B MOPIBHAHHI i3 cUMETpiciO B-KBapiyy.

f&k

Puc. 2.18. EnemenTapHa koMipka o-kBapity. ORHaKOBHM THITOM
WITPUXOBKHK no3uaveHi reTpaeapu SiOy, EHTPH AKUX PO3TALLOBAHI
Ha oHaKOBIN BiACTaH B 6a3aNbHOT NJIOLMHN

B a- Ta B-kBapui icHYIOTh NycTOTH y BHIsAi KaHANiB ABOX BUAIB:
CTPYKTYPHi KaHajM, 3yMOBAEHi camolo ctpykrypoto [115], i aedexr-
KaHa, MoB’s3aHi 3 jedektaMu pocty i npucyTHicTio omimok [116].
Haiibinbwii 3a aiamMeTpoM CTpykTypHi kaHamM opieHTOBaHi B HanpsMKy
[0001], napanensHomy go oci ¢ (puc. 2.19).

Y uanpsmxy [1000], neprenankyasipHomy A0 oci ¢, posrawoBai
KaHaM 0 MEHIIOro AiameTpa. Maibxe nepienankyispHo 10 niouuHu

(1011) ta nig kyrom 59° no oci ¢ HassHi CTPYKTYPHI KaHau uie OAHOTo
THILY, NiaMETp MONEPEYHOro nepepisy AKUX HalMEeHLHA. Hedexr-kananu
posmipom 0,02-0,05 mxm BepyTh CBili noYaToK Bil CTOPOHHIX 3abpyIHEHb
Ta TOJMOBXYIOTbCS B NPOUECI POCTY B Mipy NPOCYBaHHS 3aXONACHUX
BKJIIOUEHD Y OiK rpaii; BOHM, SIK [IPaBUJIO, PO3TALIOBYIOThHCS NAPAEbHO if
MEPACHAMKYIIAPHO 10 ONTHYHOI OCi 4Yu HaBiTh 3a ippalioHaNbLHUMMK
HalpsMKamu.
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Prc. 2.19. Knacrep (KB), skuii moueinoe crpyktyphuit KaHa o-KBaplly,
opientosaunii B Hanpamky [0001], napaneasHomy 1o oci ¢

Kanant mators Baxampe (isnune 3Ha4eHHs, OCKIIbKM € MicueM
CKYIYCHHA AOMIIIOK, AKi NOYUHAIOTH PYXATHCS NPH HaKNaflaHHi esexT-
PHUHOIO 10N i 3yMOBINOIOTH CJICKTPONpOBiAHiCTL KBapuy [115, 116].

Hits kpucTobanity takox xapakrepni ABi MOAHQIKALIT HU3bKOTEM-
nepatypra a-Moaudikauis, crifika 1o temneparypu 200-270 °C, i Bu-
coxoremneparypha — B-kpucrobanit — criitka B inveppani Temrepatyp
1470-1710 °C.

Obuasi Moaudikauii kpucrobanity MaloTh Kapkacuy crpyktypy. Ii
MOXHA 300pasUTH CKNAACHOIO 3 JABOBUMIDHHX TCTPAEAPHYEHX MIapiB, Na-
panensnux o rpani (111), B AKuX TeTpacapy, H4CprylounCch, NOBEPHEH] B
pi3zHi BOKHM BiJ( NAOLMHH CBOIX OCHOB. Hlapy 38’ g3a1i aToMaMit KMCHIO, 11O
3HAXOMATBCS B CHINLHAX BEPUIMNAX TIPOTHIEKHO OPICHTOBANMX TETPAC/-
piB. CyMixHi TeTpaepi MAIOTL HCHTPOCHMETPHYIIC B3ACMUC po3raulyBas-
ust. Bincrani Si-O smintotorbes sig 1,58 10 1,69 A, a KyT Si-O-Si~ 144°,
Terparonanbia CTpykTYpa o-KpUCTOGANITY YTBOPIOCTHCS 3i CTPYKTYpPH
B-KkprcToBaniTy npu NOBOpOTI TETpacAPiB, y PEIYNLTATI AKOrO BEJHUUHA
kyra Si-O-Si 3pocrac po 147°. KyGiuna cumerpis B-kpucrobanity ¢
CTATUCTUYHOIO, HPUYHOMY KPHCTANH CKAQNAIOTLC 3 JIOMEHIB, Y Mexax
KoMHOro 3 siknx Kyt Si-O-Si popisoc [47° [117]. V kpucrobaniti nassHi
CTPYKTYPHI KaHQJIM OHOIO THIY, OpicHTOBaHi o Hanpsivkax [110] i

[ﬁ()], AKI NepRENMKY NsIpHI 10 oci ¢ (puc. 2.20).
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Puc. 2.20. Knactep (KP), sixuii Monenoc cTpykTypHuii kanan
B-kpucrobanity, po3TAIOBARUIT B30BK OJHOIO 3 Hanpamkis [110]

a6o [110] NEPUEHAUKYIIAPHO JI0 OCH ¢

Binomi tpu mMoaudikanii Tpuaumirty: HU3bKOTEMIIEpATY pHUH OL-TpUIU-
MIT, cepeaHboTeMIiepaTypHuii Bi-TpuanuMir i BUCOKOTEMIEPATYPHHIA [3-Tpu-
RUMIT. O-TPHAMMIT cTilikuit a0 117 °C, B-tpumumit crificuii mik 117 i
163 °C, a BucokoTemneparyphuii B-tpuanmir crifikuii B Mexcax §70—1470 °C;
Hukue 870 °C nepexonuts y ksapu, sutie 1470 °C — y B-kpuctoGatir.

Ha nanuii 4ac HOCTaTHRO MOBHO BUBYEHA CTPYKTYpa TilibkM B-Tpu-
AKMITY; CTPYKTYPa O-TPUAMMITY, MOXAUBO, 6M3bKa 10 CTPYKTYpH P-TpH-
ANMITY, fKka siBfise cobol0 TpUBUMIpHHIT Kapkac noOuiGHO A0 CTPYKTYpPH
HwUX nonimepuux  Moaudikauiii  SiO,. KpemuexucHesi TeTpaepu
3B’53aHI MiX COOOI0 CHIIBHUMHU BEPLIMHAMH H YTBOPIOIOTh ILECTUKYTHI
Kinbus. Oanicto 3i cBOIX 0cHOB SiO4-TeTpaeApn posTawoBaHi flapanesibHo
no rpani (0001) rak, wo BinbHi iXni KiHui, Yeprytounce, opieHToBaHi BBepx
abo BHW3, YTBODIOIOYW JBOILAPOBY CTPYKTYpY, MapajiensHy [0 Ipai
(0001), 3 mocninoeHuM udepryBanHsamM opientauii. Bigcrans Si-O B i
CTpyKTYpi cranosuth 1,61 A, cepennc 3wauenns kyra Si-O-Si 6am3bke 10
160°, x04 3ycTpIYAKOTBCS JOMEHHU 31 3HAYHO GUTBLIMMM 3HAYEHHAMH KYyTiB
(173-176°). V tpuaumiTi B310BXK OCi ¢ OpieHTOBaHI KaHaM, IO MAIOTH y
MONEPEYHOMY  [IepEepi3i BUIMISL TIPABUILHORO IHECTUKYTHHKA (puc.2.21).
HepueHanKy 1pHO UMM KaHanam po3TaiioBaHa IIE OJHA CHCTeMA KaHallis,
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onepeYHnii NEPepis AKUX ABAsEC cOOOI0 HeNpasuUNLHKI WecTukyTHMK. Moro
posmipu 300paxesi na puc. 2.22.

Puc. 2.21. Knacrep (TP1), skuil mosesmoe crpyxTypiuii kanan B-rpuanmiry,
opieHTOBaHuMii B30k nanpsamxy [0001] napanensno no oci ¢

OO@Si'H‘Li

Prc. 2.22. Knacrep (TP2), axuil Moemoc crpykrypuuii kanan B-rpuau-
Mity, posrawosannii B30k naupamky | 110] nepnenauxynapuo no oci ¢

3 MeTOIO 37ACYBAHHA MONUJIHBOCTI IPOHUKHEHNS JITIIO NO CTPYKTYp-
HHUX KaHAJlax KpUCTagivuux Monrdikaltii kpemuesemy: a-knapuy, p-kpuc-
robanity ta fi-rpunumity Gyau ApoBescHi KBaHTOBOXIMiuNi po3paxyHKH
Ta PO3PAXOBAHO CHEPIETHKY B3ACMOJIT aTOMIB NITIIO 3 KiacTepamu, Lo
MOJICIIOIOTL  BIANOBLAHI CTPYKTYPHi Kanaiu. 3a J0IOMOrol0 Kiactepa
ckiany (SiOpyg (H2O0)e, 306paxcenoro na puc. 2,19, sigrsopiopanacs
Gynosa HaliGbwOro 3a jiaMerpom Kauany B a-ksapui (knacrep KB).
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HeobxinHo 3asuaunru, o Ha uLOMY PUCYHKY, SIK i Ha puc. 2.20-2.23,
300paxeni BIICTAHI MiXK AApaMK aTOMIB, 3a SIKUMU BH3HAYANUCS po3mipH
KaHafliB, NPOTe CNpamXkHi iX pO3MipH ICTOTHO MeMI, SKIO BpaxyBaTH
HasBHICTL y LKX aTOMIB €NEeKTPOHHMX 0B0noHOK. OCKinbki po3Mipu
OCTaHHIX He BH3HAYEHO OCTATOYHO, TO B JHTEpPaTypi HAABHI cyfepeunusi
AaHl Npo Po3MipH CTPYKTYPHHUX KanaiiB. BukopucroBysane Hamu 3agaHus
iXHIX pO3MipiB [03BOJIsSIE GiNbI TOYHO BU3HAUMTH NOMEPEUHHil nepepis
PO3TAAAYBAHHX KaHaliB. [HWi THIM KaHanis KBaply He posraspanycs
uepes NPUYHHH, AKi CTAHYTb 3pO3YMIJIUMU HHXKYE.

Knacrep (SiO;),4'(H,0)6 MoRemoBas crpykTypy kauany, OpieHTOBA-
HOT'O B3JI0BX OJHOTO i3 B3aEMHO NEPrICHANKYIAPHUX HanpamKis [1 10] abo

[110] y kpucroGaniri (puc. 2.20). Ha puc. 2.23 306paskennii fioro surms
13 HaNpsAMKy NepHeHauKyIFpHOro 1o Hanpsamky [110], wo g0380as€ 6inbi
HAOYHO NPEJCTABUTH CHCTEMY B3a€MHO NEPEXPECHUX  CTPYKTYPHUX
KaHalB y Aaniil kpucTanivuii Mogndikauii kpemuesemy.

Puc. 2.23. Burnsin knacrepa KP, sikuit Mmogenioe cTpykTypHHii kana
y Hanpamky [110] uu [110]

CrpykrypHi  xananu B-Tpuaumity MopemoBanucs  Kiactepamu
(810,36 (H20),7-TP1 i (Si0;)25'(H,0),,-TP2. [lepwuit 3 HUX BiaTBOpIOBAB

KaHall y3108X Hanpamky [0001], a apyruit — y wanpsivky [1110].

Vci posrnsikyTi KlactepH CTeXioMeTpHuHi, ATOMH BOAHIO BBOAMIHCA
B HUX JJist KOMIieHcauii kpaifoBux edekTis, sKi BUHHKAIOTH Ha nepudepii
KJacTepis (pH HEXTyBalHi BIUIMBY PEIITH TBEPAOTIALHOI MATPHL [118].
PospaxyHok enekrpoHHol 6yaoBu 3ragyBaHux KJIACTEPIB, a TAKOXK eHeprii
TX B3aeMOAiT 3 AUDYHAYIOUMMH aTOMaMK RITiHO TIPOBOJIUBCS METOJIOM
CYIT MOJIKAO y sanentomy nabmwxenni MHJIII [119].
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Ha puc. 2.24 a 306paxena 3aiexnicTs eueprii B3acMOAil Mix knacte-

60
50

40 PR

30 4 /

0 /

AH,, kxanr/mons

160 -

-
150
140 4 ,_.»"‘\-\
. .f
!

1304 / O\ .

110 \ / 59F

»
100 4 \ /c"

90 4 R A

AH, meanivoms

6
Puc. 2.24. a - enepria s3acmonii knacrepa KB 3 omHum aromom
TUTHO, AKHH PYXAECTHCA BIXOBXK OCI KaHany;

0 - edepria B3aeMonii knacrepa KB+Li 3 npyrum aromom nitiio
pom KB Ta oanum atomom nitito, 110 HabamxaeThes no KjacTepa B30BX
oci ¢, Bia R. ITig R posymicries Bigerans mix ATAKYIOUHM ATOMOM NiTiIO
Ta TOYKOIO NEPETHHY NJOWMHH, HEPHEHAMKYNSPHOT 0 OCi KaHaiy, 3
Biccto ¢. [Iotmuy npoBeaeHo Yepes atoMu, BiACTaHb MiX AKHMH BKa3aHO
Ha puc. 2.19. Big’emni 3HaueHHs R BilIOBIZAIOTL 3HAXOMKEHHIO aTOMa
JiTiIO 30BHI KhHacTepa, a AojJaTHi — 8 HOoro cepeiuni. 36amKeHus atoma
nitio 3 knacrepom KB s inveprani R sig -6 no -3 A CYHPOBOKYETLCS
HE3HAYHUM 30LbIUCHHAM eHepril cuctemn KB+Li. [lpy R=-1A wua
OOTCHWIANLHIT KPHBIH nasBHMi HeBerukuil MiiMym, siknit signonigae
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YTBOPEHHIO KOMILIEKCY, aHanoridHoro 1o komiekcy Bawn-nep-Baanoca,
L0 Ma€ Miclle MpH B3aemoAil aTOMIB 13 [TOBEPXHECIO IOHHHX KPHCTaIB
[120]. Topanewmii pyx aroMir RITIKO [0 KaHamy CynpOBOMKYETHCA
36inbIIEHHAM eHeprii B3aemonii. B intepeani 4 A< R < 10 A sanexnicthb
uiei eueprii Big R mae ocumnsuiifHuil xapakrtep, a nepioj OCLMJIALIT
BM3HAYACTHCS MOCTIHHOIO TPaHCAIUIANOT CHMETpIT B3AOBK KaHaly.

TakuM YMHOM, HA BIAMIHY BiJi BUNIAJKY HPOHWKHEHHS JITIIO B CTPYK-
TYpHI KaHanu pyTuity # anarasy [121], nudysis aroma Li B nait6Ginbiumit 3a
JiaMeTpoM CTPYKTYPHHI kaHan KkBapuy — L€ €HJOTEpMi4HMH npoiec,
JOBiNbHUYM nepebir JKOro TepMOAMHAMIYHO HEBHUTiHUI. AHanoriusa
sanexHicrts 6yna otprmana aas szaemoaii knacrepa KB+Li me 3 onnum
aroMoM JiTiIo (puc. 2.24 6). AtoMm, U0 BXOJUTL A0 CKIAAy KjlacTepa,
posmingyBascs B Toulli 3 R =9 A. Ha posrnsinysaniii kpusiii npu R =-2 A
HasBHHM AOCTATHLO FIUOOKUH MiHIMYM, SIKUH TAKOXK MOXKHa BIAHECTH 10
YTBOpCHHS KOMILIEKCY, aHaloridHoro A0 komiuiekcy Ban-aep-Baannca.
[TpoHuKHEHHs 1He OAHOrO aToMa JTIIO B KaHai, A€ BKE 3HAXOAUTHCSH
aHajoriyHuil aToM, NPUBOJMTL JO PI3KOTO 3pOCTaHHs eHeprii B3acMouii.
Minimym Ha kpusii npu R = 5,9 A, sianosinac yrsopentio monexynn Li,
B CTPYKTYpHOMY KaHami a-ksapiy. Po3paxoBaHa piBHoBaxHa BifcTanb Li-
Li nopisnroe 3,1 A, wo 3uauno Ginblue Bif aHanoriuxoi BiAcTani Ans
i3010BaHOl Moneky M Lis, sika cranosuts 2,67 A [122]. Take 36inbuienis
piBHOB)XHOT BiJICTaHI MOXHA MOSACHUTH THM, W10 3apsad HA aToMax
YTBOPEHOI MOJIEKYNH JiTit0, ska 3HAXOJAUTLCH B KaHaji, JOpPIBHIOC
+0,53 ar. ox., yepes WO HA HUX Ji€ NOMITHE BIJUUTOBXYBAHHS OJHE BiJ
OJHOrO Ta MNPUTATaHHA [0 BiX’€MHO 3apA/UKEHHUX aTOMIB  KHUCHIO
CTPYKTYpPHOrO KaHany.

AHanoriudi po3paxyHku, nposeaeHi s P-xpucrodanity, Takoxk
CBIJYATH [P0 EHAOTEPMiUHICTb NPOUECY POHUKHEHHS MTIIO B CTPYKTYPHI
KaHanu Horo kpucranidHoro kapkacy (puc.2.25). IlozuTuBHi TensoBi
ed)eKTH. B UIbOMY BHINAJKY NOMITHO HMXK4i, HDK AN o-kBapuy. OCKiNbKH
iHTepKaNloBaHHsl CTPYKTYPHHX KaHaniB o-kapuy # f-xpucrobanity
TEPMOAWHAMIYHO HEBHUTifHE, TO e AO3BOJIE BUKIOUUTH 3 PO3IIALY
MUTaHHA NPO 3apAAOBUHA i CMIHOBHI CTAHY NIPOHUKAIOYUX YACTHHOK.
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Puc. 2.25. Enepria B3acmouii knacrepa KP 3 orum aroMom aitito, skuii
PYXaeThCa B3LOBXK OCi kauany (nanpamox [ 110])

Jlns TpuAMMITY KpHBI, 1O ONUCYIOTH eHEprito B3aeMOAil OJHOro
aroma qitivo 3 knacrepamu TP i TP2, winkoM nexars y ainsHui
HeraTUBHUX enepriit (puc. 2.26). INorenuiansbhi 6ap’epy, MO BUHHKAIOTH
NpY  TOMITHOMY BiJLRaneHHi aroMa JiTil0 B knacTepis, BigHOCHO
HEBUCOKI. SIK i B PO3IMSHYTAX BHUIC BHIAAKAX IPH NONAJAAHHI aTOMa
mTiio B Gesnocepeaniit okin Bxofly B cTpykrypuuii kaman (R=-1A)
CHEPris B3acMOJiT 3pocTac i Ha KPHBUX 1T 3a5IeXKBOCTE Bi R nosBasioTbhes
Mitimymu. Tlpu  nosutHBHMX  3HaucHHAX R enepris  B3aeMopii
3MEHIUYETLCS, 0 BUKAHKAHO BIUIMBOM €JICKTPOHHUX O0ODAOHOK aToMiBs
Kapkaca, siKi yTBOPIOIOTH kaHaJl.

[IppunHu NOsSBM MINIMYMIB Ha KPUBMX B3acMOAIi B CHCTEMax
“knacrep SiO; + Li” (puc. 2.24-2.26) MOXHA NOSCHHTH, PO3TNSHYBIIN
3ajeXKHICTL Bil BeMMuUnHY R 3apsnosoro # crinosoro crawis aroma aitiio
# atomiB kapkaca. Ilpu R <-1A 3apan Q na avomi sitito JOPIBHIOE HYIIIO,
a CrniyoBa TycTHHa p — ojuuvil. [lpu jlocsarHenni aToMOM HiTiiO TOYKH
R =-1 A 3apsa na npomy spocrae no +0,45 ar. on., a p cnanae o Hyns.
Ilpn nopanswomy pyci atoma #iTito no kanany Benuuua Q na HboMmy
Ko/mMBacTLea Big +0,45 no +0,53 ar. ox., a p sannuacTLCs yBeCH 4ac
PiBHUM HYJO. Y 1POUECT HBLOTO PYXY CHIHOBA FYCTHHA Ha HANBIMKUUX 10
aroma JITi0 aToMax KPEMHII0 CTPYKTYPHOro Kanany A0CArac BEeMUHHK
0,27 at. 0f1., NNABHO CHANIAIOYH IO HYIsSl Ha CYCIIHIX aTOMax KpEeMHilo B
MIpY BianeHns IX sia atoma aitito. Tlpu wwoMy nosurdsunii sapsg Ha



HUX MEHLIMI B MOPIBHAHHI 3 aTOMaMK KPEMHIIO, SIKI 3HAXOMSTHCS HA
3HaAuHIf  Bigjani  BiA  artoma JaiTo. MoxHa CTBEPJRKYBATH, 1O
EpeMileHHsl aToMa JTII0 N0 OCi CTPYKTYPHHUX KaHAiB TPUAUMITY
CYNPOBO/DKYETLCS  HEPEMILICHHAM DO aToMax kapkaca (B OCHOBHOMY
KPEMHIIO) MaKCUMYMy CHIHOBOI ryctuuu. VY pe3yabTari  Takoro
NEpPeposnoAiTy CHIHOBOT MYCTHHM 3apsjl Ha aToMaX KPeMHIlo crajac Bi
1,79 no 1,54 at. o4.

-101 -
) ST
454 @ Y P B
e A R
e . { bd
o 201 o . \- / - ~
L]
5 J \|
5 % i / o -~ .
L3
¥ W L, \.\ /./
:gg -304 ." ‘/ \Q...O L ) a
354 . /
/.
-40 - [ R, A

-4
4

8 6 -4 2 0 2 4 6 8 10
Puc. 2.26. Enepria s3aemonii knacrepa TP (a) Ta knacrepa TP2 (6) 3 onnum
atomom Jitito. Kpusa a oxepxana npu pyci atoma nitito B3108x Hanpamiy

[0001}], kpua 6 ~ y3nonx Hanpamky |l 1]_0]

Y pamkax K1acTCpHUX PO3paxyHKiB iHOAI 6yBae CKNaJHO BUPILUMTH
[UTAHHS PO TC, K BILIMBAC JIEMYBAHHS OCHOBHOT MATPULI HA MTOJOXKCHHS
BEPXHBOI MEXI BaJEHTHO! 30HM 1 AHA 30HM NPOBIHOCTI Ta Ha nossy B
3a0OpOHEHIH 30HI JOMILIKOBUX PiBHIB eHeprii. Yce 3anexuTs Bin po3mipy
kiactepa # CTPYKTYpH OAHOCNEKTPOHHUX piBHiB. OaHak y uawomy
BHIIANIKY MOXHA OJHO3HAYHO CTBEPKYBATH, 11O MPOHWUKHEHHS ATOMA
MTIO B CTPYKTYPHI TOPOXHHUHM TPUAUMITY CHPUUHHSIE NosBy B
3a60pOHEHIIi 30HI 0JaTKOBOIO CHEPreTHHHOTO PiBHS, PO3TALIOBAHOIO HA
Biajanensi 2,6-3,25eB Biag aHa 30HM nposinHocti. [lonoxeuus ioro
3MIHIOETLCS B 3anexHocTi Bijg R. Pisenb Depmi BCiX HOCHIIHKYBAHUX
KJIacTepis, AKt MOACIIOOTH CMIONYKH iHTepkamosanns Si0O, + Li, npaxtuu-
HO He 3a/IeKUTh Big R i 3sHaxoauTses B paiioHi ~-10,9 eB. Te came MoxkHa
CKA3aTH | NIPO NOJIOKEHH HA 30HM NPOBIAHOCTI, L0 PO3TAILIOBAHE, 3MiAHO
3 [IPOBEACHUMH PO3PAXYHKaMH, B atasauui - 1,1 eB.
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Takum 4HHOM, 3 OACPKAHHMX PE3YNLTATIB BUIUIMBAE, 110 3 TPbOX
HAHOLILI  PO3MOBCIOJLUKCHHX KPHCTANIMHHX MOAHDIKauii  kpeMHesemy
HAIPHAATHIIHM JUISE IHTEPKAIHOBAHHS JITICM O CTPYKTYPHHX KaHanax €
TpUAnMIT. PO3MIpH CTPYKTYPHMX KaHamis a-ksapuy A P-xpucrtobanity
ABHO HEAOCTATHI ANs JoKaJiisanil B HIX aTomin saitiio. Bigoma 3 excnepu-
MEHTY [IPOBIJIHICTh 3paskiB o-kBapuy Ta P-kpucrobanity, oueBHaHO,
3yMOBJIEHa KaTIOHAMM # aHIOHAMM, sKi PO3TALIOBYIOTLCS B Aedekrax-
KaHaJlax 4u, y BHOAAKY JAMCIEPCHHX HOPOLIKIB i3 CTPYKTYpOIO 3rajatux
MoiMdikatiil, Y BAKAHTHUX MDKBY3NOBHUX HO3MLUSX Ta Aedexrax iHWOT
npupoan. OaHAK CAiJl 3a3HAYNTH, 1O A0 HLOIO 4acy ¢ HE OCTATOYHO
3pO3YyMiNIo, YK 3B’S3aHa CTIHKICTL P-TPUAMMITY 31 CTPYKTYPOIO ¢amoro
KapKaca, Ui 3 HasiBHICTIO JOMIILIOK.

Cnijl 3ayBaXHTH, L0 NPH  NPOBEJCHHI po3paxyHKiB 3pobneHo
JNONYLIEHHS [IPO Te, WO aTOM JiTHO PyXaeThes B3AOBK oci kaHany. Takuii
MiXIL J103BOJISIE  TIPOACHHTH  3arajibhy  KapTuuy, ane 3ammpae  0Oe3
BIITOBIAI NMTAHHA NP0 MOXKAMBICTL 1HIMX  TpackTopilt 30JmOKeHHs
IIPOHHKAIOHOro aToma i kyacrepa. Jlo Toro x o4eBHaHO, IO NepeMillicHHS
aroma NiTiio no camMoMy kaHaiy Oyle BHKIIHKATH BHHHKHECHHS HC THIbKH
MaKCUMYMY CHIHOBOT I'YCTHHHM, asie i MakcuMyMy sedopmaiii crpykrypu
Kapkaca kaHnany. € BaroMi iijcTaBH CRNOJIBATHCS, IO 3rajiaHl yTOUHCHHS
ICTOTHO HE 3MIHSTL ONUCAHOT KAPTHHH [HTCPKAIIOBAHHS JITIEM KPUCTANIMHNX
MOJIM(IKALLIA KPCMHE3CMY, a JHLIC IOJAY Th JI0 HET PsijL BAXIKBUX Jlcraicii.

§ 2.5. EnexrpoxiMiuda iTieBa iNTepRajsinin HAHOAHCUEPCHOro
MOKCHAY THTAHY

Daz0BO-TEPMOAMHAMIYHMN anania eNCKTPOXIMIUHOT HTICBOT inTCpKa-
A0 HIOKCHAY THTAHY UPOBOJMBCA Y TPHOXCACKTPOARI eNCKTPOXiMiUHiil
koMipti 3 1M posuunom LiBE, B y-Oyruponakroni 3a MeToaoM enexTpo-
PyUlitHoOl cuiti 3 BUKOPUCTAHHAM (JOPMANi3MY CHIEKTPOCKONIT XIMIUHOIO
noteduiany (123, 124]. Ilpouec enexrpoxiMivnoi iHTepransnii (EID)
JUOKCHAY THTAHY, 3TiH0 3 (2.2), ONHCYEThCS PEaKiliciO:

1i0, + xLi* + xe = Li TiO,, 2.3)

JIE X = BMICT “FOCTLOBOIO™ JIITIIO B IOCHLKYBAHKX MATEpialiax IPH PisHUX
CTYNEUsIX  PO3psyly  GHCKTPOXIMIYHOT KOMIipkr nopaHo B rabmuni 2.1
Crynib “roctrboBoro” HaBaAHTOKCHIS BUBHAYACTLCS AK:
LM, [

m

x =@ (2.4)
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Aen - KINILKICTE €NEKTPOHIB, AKi GepyThb y4acThb B OKUCHO-BIAHOBHI peak-
511, F~ qncgo @apageﬂ, M i m — monsipua maca i maca 3paska matepiajy-

rogno_zxapa BIAMOBIAHO, | — pospsaanuii ctpym, t — yac po3psay. Ha
puc. 227 306paseHi (GyHKIiOHANbHI 3ANEKHOCT] 3MIHY eHeprii I“i66.ca i
AudepennianbHoi eMHOCTI peakuiit BIPOBA/KEHHA
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Puc. 2.27 a. Enexrpopyiwiiina cuna ta nudepenuianbha emuicts sk gynknii
KOHIl.eHTpaui'l' BIIPOBADKEHOTO NITILO B IIOKCHI THTaHY, OTPUMAaHHIL
THPOTEHHUMU METOAAMH, NOZHAYEHHS 3riIHO 3 Tabnuuero 2.4
Sk foumo 3 Tabnuni 2 4, fnepexia o HaHOMAaCIHTAOHUX po3Mmipis
HACTUHOK NIOKCHAY THTaHy Aa€ 3MOTY BiAHAHTM TaKi crioco6u ix OTPUMAaHHS
AKI 330€30€e4YI0Th PEKOPAHO BUCOKE 3HAYCHHS CTyneHs NiTieBoro “l‘OCTbO:
BOr0” HAaBAHTAKEHHS 32 PaXyHOK BHKOPUCTaHHA BHYTPILIHBOI HOBEPXHI

HAaHOYaCTHHOK  NpH a_xa@qﬁ QynkuioHanbHil  3anexKHOCTI 3MiHM eHeprii
I'i66ca Bin koHuenTpanii IHTEPKANIAHTY .
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Tabnuys 2.4
Cr 111HbL “I‘OC’I“bOBOI‘()” Jli'l‘i(‘BOI‘() HaBaHTAXCHHS MNPA | ii}l-l UX 3HAUCHHSAX
Y p
PO3PAAHOT HANPYIH KOMIPOK

Marepian Cepenniit posmip X X
_____ HACTOK, HM (U=2,5B) (U=1,5B)
TiO, py.Tymblion Monngnxaun 270 26
i dipmu “Jronou 3
TiO, gporoakTuBHUil )
aHATA3HO-PY THIIbHUH 60 3.7 4.05
(70 % ~ 30 %)
Ti0,+ALO;,
(90 =10%) 60 295 32
aHATAZHO-PYTHILHHIA
(70 % — 30 %) )
0, 8 5.5 7.93
anarasna gopma

3 NpUKIAAHOT TOUKH 30Py OTPHMAHi eKCIEpHMEHTaNbHI Jati € deHo-
MEHAILHMMK: NPAKTHUHO JOCATHYTO TEOPETHUHO MOMIMBOT MAKCHMAalh-
HOT TIMTOMOI €MHOCTI Marepiany siK KaToAa JFIEBUX JOKepen CTpymy
(JI1C).

Jinsukn Hesanexnocti enekrpopywiinoi cunm E sin x (pue. 2.27)
MOXKHa TpakTyBath sk (asosuii nepexin | popy, BUKJIMKAHWH CHIIbHOK
B3aeMoiclo “ricts” — “rocrnosap” 3 YTBOPEHHSM JalbHBOIO TOPAAKY.
OcTaHHe 03HaYac, UIO B MAHUX KOHIICHTPaLifiHUX JiNAHKax “rocTsoBoro”
HABAHTAXKEHHS, OUEBHAHO, cniBicHyiors asi ¢asd. Ile BupgHo 13

Lo ox . .
sanexmoctedt - - f(x) (7-1, — ofepHena audepeHItianbHa €MHICTh), Ha
[#/M al

SKUX criocTepiraiothes Heckinuenni pospusn. Jast TiOx+ALO; B oxodi
Toukn X = 1,8, a uis horoaktussoro TiO; Ta s xiokcuay turany dipmu
“Ilionon” nipu x ~ 0,8 i X ~2,6 Ha 3a3HAYEHUX KPUBHX CIOCTEPIIAOTHCS
CKauKH, AKi HaiiBiporiauime nos’s3arn 3 ¢dazosumu nepexonamu 1l pouy
My “nopsaok—0e3nopsuok” y “roctbosin” MijACHCTEM], 3YMOBIEHHMH
nepe3acefieHHsaM  “TOCTBOBOIO”  NiTiI0 3 TETpacApUUHMX  MO3HUIH B
okraenpruni. [TOPIBHAUNA OTPUMAHKX 3AJIEKHOCTEH 3 JAHUMH BTOPHHHO-
{OHHOT Mac-CIeKTPOCKOliT BKaszye Ha 1e, 1o A00aBka OKCHAY aOMIHIO
puknnkae Qaszosuii nepexijg | popy (3milennit Bnpapo no x-oci) npuposa
KOO FOB’SI3aHA 3 AKTUBYBAHHAM “TOcTbOBMM™ JiTiem posnagy ¢asu
Liy 55 TiO, Ha THTAH Ta OKCHAN RITIIO.
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Puc. 2.27 6. Enexrpopyuiiina cuna ta Andepenuianbia eMHICTh K (yHKLT

KOHIEHTpAUI] BIPOBAKEHOTO T B AIOKCH THTaHY, OTPUMAHHI
MiPOreHHUMH METOAAMH, IO3HAYEHHS 3TiJIHO 3 Tabnuuen 2.4

-Ha ocHoBi Bumipiosanus Temneparyproi sanextocri EPC pospaxo-
BaHi EHTPOMIT PO3YMHEHHS NiTiIO (AS) B nocnipkyBanux 3pazkax BiiHOCHO
JUTIEBOTO €IEKTPOA IOPIBHAHHSI:

AS = FOE /0T .
3 rpadikiB 3anexHocti 3MiHu CHTPOIHI Bil Ki/IbKOCTI BRpPOBaKEHOro
MTIIO BMAHO, IO NPH Manux KOHUEHTPAUISX OCTAHHBLOrO B MaTpHuiLi-
“rocnogapi” (puc. 2.28) AS € Bi/'€MHOI0, a PicT “TrocThOBOr0” HaBaHTa-
KCHHA NPHU3BOAMTE 1O 1i 3GiAbLICHHS, HaneBHe, 3a paxyHoK 3pocTtaHHs
BKJIALlY BiJi KONMUBHMX CTYNEHIB BiNbHOCT iHTepkananty. OcumnsiuiiHuii
XapakTep QYHKUiOHANBHOT 3aMekKHOCTI AS(X) 3ymoBneHuii, Haitbinbu
IMOBipHO, 3MiHOW0 TYCTHHM CTaHIB y AlNsHILT iT XBOCTa GAM3BKO L IHOM
30HUM UPOBIAHOCTI MPH POCTi NITIEBOrO “TOCTHOBOIG” HaBaHTAXEHHS, a
3anexHicts AS(T) Bkasye Ha TONOJIOTIYHY HEMOHOTOHHICTbL iX po3Ta-
LyBaHHs B 3a00poHeHii 3ohi. [1pu upomy BapTo 3a3HAYMTH, IO OCTAHHS
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JAIEKHICTL HIBEIHOETHCS HPH CYTTEBOMY 3MEHLICHHT PO3MIPY HAHOHACTOK
e iig;wgbuo BHCOKE 3POCTAHHS  MAKCHMILHOT Kfmuem‘pal;x"i‘f BIIpO-
BaJUKYBAHOIO JITHO NMPH OAHOYACHOMY 30iNbLIeHH] 3MIHA eneprii [1?651
UBOrO MpOUECY, fIKC BEPUIC BUABICHO B Hauokpuctaniviomy TiO;
aHATa3HOl CTPYKTYPH, BipoOrijHO RUKIHKaHE 36‘111}»111@}1:;15{24 BRAANY ?,
EHTPOTIHHY CKIAAOBY BLA KOJMBHHX cTynenis BilLHOCTI “rocThOBOrO”
KOMIOHEHTA Ta B EHTaNLIIHHY CKIIAfOBY BiJl nosisi B 3abopouchidi 308i

MOBEPXHEBUX CTanis.

AST Ty

Puc. 2.28. KonueHrpattiiiti 3a1exHOCT! CHTPOINT PO3YHHEHHS MITHO B eru()-
) ) ) g N . ’, P .
auenepenux okenpax rurany: 1 - TiO,; ¢ipmu “loron™; 2 - Ti0O, OY@;
3 - TiOy+AlLO4; 4 - TiO; anarasna gopma
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niokcui
XapAKTEPU3YIOTLCA NeTierw B Ainsuui yacror 0,5+10°

ap i< 'y ra npamoro
THIEI0 Tpy vactotax 107+0,5 'y (puc. 2.29), uaxun s

KOI f1pn pisHHX
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. Puc. 2.29. Jliarpamu Haiixgicra s toToakrusHoro
TiOx(1) ta TiO,+A1,04 (2) nicas ix IHTEpKaNAUIT NiTiem i3
13 27 '
TOCTHOBHM™ HapaHTaxeHHAM X = 0,68 1a x = 1,05
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. Puc.2.30. 3mina xoedinienta audysii nia vac
IHTepKanoBaua goroaxrustoro TiO, (1) Ta TiOx+AL0; (2)

cnocobax oTpUMaHHs  BuUXigHOrO marepiany pi3Hui.

¢ H Hait6inbi
JIU3BKOIO 10 KJACHYHOT CXeMu Penanca—Epuiiepa ¢

iMIle1aHCHA
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L[OCJ'II,ZDKCHHH KIHCTHYHHX napameTpiB ﬂpOL{CC_y iHTepKaﬂlOBaHHﬂ B
THTaHy Tnokasano, o sci onepxani niarpamm  Haiiksicra

MOJEAb A8 AIoKeHAY THTany 3 aodapkoto ALOs. Hs gobaska ne Tinbky
MIHIMI3YE BILIMB CTYNEHS “rOCTHLOBOrO”™ HABAHTAKEHHS HA 3MIHY eHeprii
I'ib6ca npavoro npouecy, aje i 1oMITHO (Maibxe BTpoe) 3MmeHiuye orip
cranii neperocy 3apsay (Re).

Ocranniii axr 100pe y3roukycrses 3 JaliMH, OTPUMAHHMK METOJOM
BTOPHHHO-IOHHOT MAc-CHEKTPOCKONT, 30 3 SKHMM  CIIOCTepIracThes
LUBH/LLIE 3pOCTAHHA IHTCHCHBHOCTI JIHIT JHITIIO B 3a/1aHtX NOTCRULIOCTATHYHNX
ymosax. fx sugno 3 puc. 2.30, koedivicnt audysii ionis sirviio (D) 3aranom
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Puc. 2.31. Onip craanii nepenocy zapany 1k GyHKiis Kinnkocri
BITPOBAJDKEHOTO JHTHO: a — s doToakTHBhoro Ti0; (1) 1 TiO,+ALO; (2)
Ta 6 — JUTS HPOTEHHOTO JIIOKCHAY THTaHY (3)
BMEHLIYCTHCS 3 POCTOM X KOHLEHTPALT, U0 BKA3ye Ha ciladky posynopsii-
KOBY BAHICTL CTPYKTYPH [IPH IHTEPKANOBAKHI, & XapakTepHii MiHiMyM Ha

&1



3ajexnocTi D(x) nos’s3annit 3 nocaabmiouoro Jicto TEPMOJMHAMIYHOIO
(pakropa Baruepa 3a paxynok npursranus Li" no aunionis “rocnonaps”.
[pu UBOMY XapakTepHuit cnaf koedinienra udysii s TiO,+ALOs, 3cy-
HYTHid BrpaBo 1o KOHUeHTPauiluiil x-oci Gifbl 8K HA OAMHMLIO. 'Hipo—
reHHuii Aiokeun Tutany 3abesricuye smenienHs Basivi Ry (puc. 2.31) no-
PIBHAHO 3 BIANOBIAHKM napamerpom st TiO+ALO; npu aetwo uuxuomy
koedinienTti audys3ii, ane BULOMY, HiX jUIA A5ia (poroakrusroro TiO,.

§ 2.6. EnekTponna cTpyKTypa iHTepKAALOBAHOTO JHTIEM HAHO-
AMCHEPCHOFO JIOKCHAY THTAHY

Ha ocnoBi ananizy peHrreHiBchbkux emiciitaux CIIEKTPIB TUTAHY Bij
HAHOAMCIIEPCHHX nopowkis TiO, npocnigxoBato reHaenuii B nepebyosi
CJIEKTPOHHOI CTPYKTYPH KATOAHOIO MaTepiany JTieBUX JKepen KUBIEHHS
B Mpoueci TexHonoriunoi moandikanii {125, 127] ta intepkanauii ionamu
L_l . OG’ekTamn  JIOCHIDKEHHS CIYXUIM NOPOLIKH HAHOKPHCTaNIUHOI O
LIOKCHLY THTaHy TiO; i niokeua Tutany 3 106aBKOIO OKCHIY aJllOMIHIIO
(90 % Mzac. Tle+ 10 % mac. Al,03) 3 BijbHOI0O MUTOMOIO NOBEPXHEIO
47+73 M°/r, oTpuMaHi METOAOM MipOreHHOro FiApoNi3y TeTpax/opuLy
THTHY Y Bonuc?ao-noaiTpﬂHomy dakeni npu temneparypi 13001750 °C.
HaHl npo pocnizxyBaHi cHcTeMu noaani B TaGiuui 2.5. 3 MeTow 3a6e3-

MEYEHHS BUCOKOT NMPOBIAHOCTI KATOAA rOTYBanacs CyMiiu nopouiky TiO, 3
aueTHUNIEHOBOIO CaXKEeI0 Y chiBBiaHOWeHHi 8:1 [127].

o Tabuuys 2.5
Xapa;c(Tepncha 3pasKiB i CTYMiHb “TOCTBOBOr0” HABAHTAKEHHS JITIIO
3pa:;Ka ‘Tun 3paska XapakrepucTHKa . Cry b
" iHTepraIUIY, X
1 Ti Meraniunmii -
2 TiO, He intepkansosaunii - |
3 TiO, He intepkansopammit|
4 TiO, InTepkansoBanuii 0.6
S TiO, InreprannoBanmii 3.48
6 TiO, lHTepKanboRanuii 4.0
7 TiO,+AlL,0, He inTepxancosanuit - R
8 TiO,+AlLO;, InTepkanboBanuii 0.254

3pasok Ge3 1posiaHol 10GaBKH (aLETHNEHOBOT caxi).

PenTrenischki emiciiini cnexrpu 77 Big JIOCHiJDKYBAHHX Marepianis
OTPUMYBAJIMCE Y BTOPUHHOMY BHIIPOMIHIOBAHHI Ha JAOBrOXBHJLOBOMY

82

peHTrenineLKoMy  crickrpomerpi JAPC-2M i3 3anastolo. peniTeHischkolo
Ipy6BKOIO 3 MIJIHKM aHTHKATOAOM TP npuckoptotouiil Haipyst 35 kB i
cTpymMi enextponnoi emicii 70 MA. Sl dokycyrounii nprcTpiit Biukopuc-
roByBascs kpucrtan Si0, 3 nuoimnolo 3pisy (10 I'1), Buruyruii 33 METONOM
loranna—Kamiuu. OixcysBanucs Kﬂvs -cmyri y BitOuBanui l nopanky npu

dororpadivnomy meroii  peectpauil. Sk penepi JHHIT  BHKOpHC-
TOBYBANMCA K, -CMYH HIKEMIO, OTPHMAHi Bijl HIKENEBOT CITKH, HIO

&

CAYXHMNA  (POBIAHUM  TPUMAUEM  JIOCHDKyBanoro  marepiany. ‘ac
peectpallii crnexTpip  CTaHOBUB 42 TON. SIKiCTb OTPUMAHHX  CREKTPiB
KOHTPOJIOBAJIACA HLAAXOM AOCATHEHHS 100poi toBToproranocti Gopmu
oTpuMaHnX npu (oToMmerpyBanHi mnisokx rpadikis na mikpodoromerpi
M®-2 1o 5-t¥ piBHOBiIANCHUX JOPLKKaX. 32 OTPHMEHMMH ycepen-
HeHUMHM pesynbTatamu GOoTOMCTPYBanns By/1yBajINCA 3aACKHOCTI BiAHOC-
HOT IHTEHCHBHOCTI BiJ] AOBXHHHU XBUIIi,

Ockinbkn B 70 BiACTAHL MK BaACHTHUMH p-PIBHAMH i1 OCHOBHHM
3p-pinnem ¢ pocuth nesnaunow, i K 4, s-cMyra posMililena 1a KopoTko-
XBHJILOBOMY “XBOCTI” K 5  -NiHiif, KOTpa MAEC 3HA4YHO BHILY iHTEHCHBHICTD
(puc. 2.32). Tlpouec Ppo3AiicHHs WMX CMYT | BUAIACHHS iX TOHKOI
CTPYKTYPH Y 3B’A3KY 3 MaJOIO CHEPreTHYHOIO BiICTAHHIO MK HHMH Mae
JOCHTh Cy0’€KTHBHMIT XapakTep, 1O MPOSBAACTLCA Y BIIMIHHOCTAX Y
KilbKiCHUX XapakTepuUCTHKAX CHEKTPiB, OTPUMAHKUX Pi3HUMU aBTOPAMH.
Ockinbkn HaHGinbi iHGopMaTHBHOIO € K, -cMyra Ta ii careniti, 1o i
BHAINEHHS 3 IHTErpabHOTO CNEKTPa 3AIIICHIOBANOCS WIISAXOM BiAHIMAHHA
IHTEHCUBHOCTI K g -CMYTH W periepHUX JiHi#, anpOKCUMOBAHHX JIOPEHIL-
rayCCiBCLKMMH KPHBUMH 3 JIONIOMOTOIO YHIBEPCANLHOT CIIECKTPOCKOMITUHOT
nporpamu UNIVEM (Bepcis 3.0). Takufi minxin y snauniit  Mipi
dopmanbuuil, ockineki Ainii K4 ¢ acumerpuunumu {126], npore ioro
3aCTOCYBAHHS JUIs cepil 3paskiB Jla€ 3MOTY HC BHOCHTH HiSKHX po3pa-
XYHKOBHMX [ONpaBoK y (OpMY Ta iHTEHCHBHICTh AOCHIAKYBAHOT JHIT.
Kpim Toro, y crnekTpi jo0pe MpOosBASETHCS IHTEHCUBHICTL XApaKTEPHOrO
475 THTaHY B OKWCJIEHOMY CTaHi JOBFOXBHALOBOI'O CATENITa.

Ha puc.2.33 nokasani Tik ;s emiciini cmyru sin meranitnoro
THTAHY Ta JOCHIUKYBAHMX 3pa3KiB, MPUBEAEHI /IO OAHICT cHEPreTHYHOT
wKaal, HOPMOBaHi BIAHOCHO MakcuMymy Jinii K, = Ta Buainedi 3 inrer-

PafbHOTO CHEKTPA 3 MONPABKOO Ha anaparypuy (yukuito. Tabnnus 2.6
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4954 4956 4958 4960 4962 4964 4966 4968
E eB
Puc. 2.32. ®otomeTpuyHa KpuBa peHTreHiBChKOIO crniektpa Ti Biat
METaliYHOrO NOPOLIKY (&) Ta pesybTaT BUainenns 7i K p25 (6)3

IHTel‘p&HbHOFO CIIEKTpa

MICTHTL  BIIOMOCTI  1PO  OCHOBHI 1apaMeTpu CIHEeKTpiB, OTpUMaHI
POSKAAOM  JHHIH HA IX KOMIOHEHTH Ta nNapaMeTpu OTPUMAaHUX
koMnouenT. Popma i nonoxenna giniy 71 K 455 BiJ wHCTOrO MeTaniyHOrO

TUTAHY (pnc 2.33) B Mexax noxuGKku eKcnepuMenTy 106pe Y3rOJDKY€EThCS
3 AHOJIOTIYHUMH CHEKTPAMU, OTPHMAHUMH agropamu [126, 129]. 3rigHo 3
[128], uaiibinbLr nowMpennm Ha AaHuil vac i HaliMOBIPHILUKUM YSABJIEHHSM
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|,BigH.04.
N
/

LIS BUSSS Sae: IS RIS S R v .
4040 4045 4960 4955 4060 4965 4N 4975
EeB

Puc. 2.33.Ti Ky, ~(I) ra /\'ﬂ--(ll)—perrrreuiacwi emiciitHi

CHEKTPH Biji YHCTHX Ta IHTEPKANLOBAHHUX AOKCHAIB THTAHY
(noznavenus 3rinHo 3 Tabnuueso 2.6)

NpO MeXaHi3M BUHUKHEHHA K g 5-CMYTH NEpeXi/IHHX METalliB € NONOXKEH-

Hst PO iCHYBaWHA AMIIONBHOTO P-1s niepexody, Ul Birobpaxae po3noain
CTaHiB p-CHMETpIl B 30BHilIHIH enepreTHuniil cMy3i, AKHX Hemae y Bil-
NOBiAHMX BIILHUX aTOMAX, 4 CBOCIO 1IOSABOIO BOHU 30008’ A3aH1 Y TBOPEHHIO
KPUCTANTUHOT IPATKK B PE3yNbTaTi lIepekpuBais aTOMHUX s-, p- i d-CTa-
Hip. [lepexiani eneMEHTH NEePIIOTO BEJIMKOTO NEPIOfy XAaPAKTEPH3YIOThHCH
BeJMKAM CryrneneM ribpuausanii cranis s-, p- i d-cumerpii, BIANOBIAHO
dopMa K ;45 5-CMYTH BIANOBIfAC NOBHIT KpHBiil, Jic BpaxoBaHi CTaHu BCIX
CHMETpiii B 30BHIIAIN enepreTuuniit cmysi. bararopasoBo onucana Ky, -
CMyra 9MCTOrO THTAHY XapaKTEPUIYEThCS 3HAUHOIO aCMMETPHUHICTIO,
3yMOBJEHOIO, B [EPLIy HEPry, HEMOHONIHIHHUM  XapaKTepom i
inTerpansHol Qopmu. Bianosiano A0 nepepo3noaiNy 3an0oBHCHOCTI CTAHIB
y CAOJIYKaX THTaHY 3MIHIOCTBCS S HEPICTUYHE MOJOKCHHA LENTPa BArK
JHIT, Tak 1 i1 GopMa Ta ACHMETPHUHICTD.
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Tabnuyn 2.6
XapakTepUCTHKH PEHTTCHIBCHLKHX eMiciiiHux CITCKTPIB THTAHY
e BULROCIIIKYBaHUX 3paskin
| Bincrans Bigcraub 1Hupuna )
Ne A, Kpas A, Kgis, M maice MU Mak- T Ko s-

apaska by A, Kpeo, A A CHMYMaMH | cHMymamu CMYTH Ha
Kpos i Kpiy | Kpasi Ky, 1,,eB
) ¢B eB 2"
1| 2498 2.5153 31.25 5.14 |

2 | 2498 | 25055 |
3 | 2498 | 25058 | 25134
4 | 2499 | 235059 | 25143
5 | 2498 | 25045
6 2499 | 25039

7 | 2498 | 25044

8 2498 | 2.5042
+0.003 | £0.0054 | +0.0008

Ka

¥ . - .u - .
3MimeHHs Kpg, s-ninii enemenra B ZRUIOKCHAl TUTAHY BM3HAYAIOCK BiIHOCHO
YHCTOro MeTalivHorg THTaHY,

. B OKCHAAX THTaHy, AKi MOXYTb y cTabinbHiii GopMi MicTuTH 8B
nomMopHi Moaubikauii — anaras Tta pyTHa, — cnocTtepiracrecs 3HayHa
3MiHa y BIZHOCHIH iHTEHCHBHOCTI KOMNOHEHT OCHOBHO! MiHiT (JiinsHKH A
Ta B rpadika) il posxomkenns ix 3a CHEPrisMU Ha Oilbuly BiscTaub, Hix y
MeraniqHoMy TuTaHi. BinMinnicts CIHEKTDIB, ONHCaHUX y JiTeparypi, Big
OTPHMAHUX HAMH MOSCHIOETBCS THM, IO BHKOPDHCTOBYBANUCS 3pasku 3
BMiCTOM AK PYTHIIbHOL, Tak i aHatasHoi dasu. Y nitepatypi x BiacyTni
BLIOMOCTI Ipo ¢azosyii cinaj AOCHIZKYBAHUX 3Pa3KiB.

‘Ocobansictio oxeunuux ainiir Ti Kp2s € nHasBHicTh y ix CTPYKTYpi
Giabur un MeHu IHTEHCHBHOI'O, afie HaBiTh CniBpO3MIpHOTo 3a eHeprieio 3
OCHOBHMMM NIIHIAMH JIOBFOXBHJIOBOTO CaTeNiTa (ninsuka C puc. 2.33),
BIACYTHBOFO B cnexTpax METaliYHOro TuTany. BussieHo [129], wo
KHCHEBA HECTEXIOMETDISt B OKCHAAX NPH 3MeHIUEHH] BMICTY KHCHIO
(PU3BOAUTL 1O 3Mil'1lCHHﬁ carefita B 6ik BHCOKMX eHepriif i 3pocranms
MOro IHTEHCHBHOCTI axc Jo CHIBPO3MIPHOCTI 3 OCHOBHMMMU JdiHisMu B
cnekTpi merany. OueBUAHO, BUHUKHCHHS UBOrO flika Ciji NoB’ s3yBatTH B
MEPUIY Hepry 3i 3HMKEHHSM CHMETpii PO3MOJLLY FYCTHHM 3apsily iOHa
METany 1, TAKHM YMHOM, 3MEHILCHHSM 3apSA0BOT I'yCTHHM y cepi aniona.
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Puc.2.33 (xpusi 1-6) imoctpye cnexrpu 3paskie 6e3 BMicty
nobasox Al,Os. Bigminnicts cnextpa Ti # Buxigsoro oxeuay (2) Bin
ONMUCAHOTO B JIITEPaTypi MOJArac B HE3HAYHOMY YUIMPEHHI JiHii Ta nossi
MDK OCHOBHHMH JHHiAIMH H  ONMCaHMM  CaTeNiTOM A0JaTKOBOMO
MaJIOIHTEHCUBHOFO ~ HEMOHOEHEPIeTHYHOr0  MiKa 31 CKJIANHOIO
CTPYKTYpOIO, ICHYBAHHA SIKOTO HE 3aieXKWTb BiJl CTYNEHs iHTepKamsuii i
BIICYTHE y 3pa3kaX 6e3 cTPyMONpOBINHOT J06aBKM (ALETHICHOROT caxi).
Jloriyno Gyne MOB’A3aTH BUHHKHEHHS Hici CMYTH i3 B3aeMOZi€i0 APiGHO-
AUCNEPCHUX, XIMIYHO AKTHBHUX YAaCTHHOK BYIJICIIO 3 BUCOKOPO3BHHYTOIO
TOBEPXHEIO MATPHYHOIO CNIEMECHTA JIOKCH/Y THTAHY | 3MIHOIO 3apsA0BOro
CTaHy e/IEMCHTIB Ha NOBEPXHI HAHOAMCIEPCHUX YAaCTHHOK. 3a paxyHOK
BUCOKOPO3BUHYTO! IIOBEPXHI BKIAN NOBEPXHEBOrO edekTy B iHTerpansy
IHTEHCHBHICTL CHEKTPA CTac JOCTATHLO CYTTEBHM, MO # MPOABHIOCH B
105IBi HOBOTO, 3aPEECTPOBAHOTO CHEKTPOrpadioM eNeKTPOHHOrO nepexony.
lpu 306inbiieHHi crynens inTepkansauii, a otxe, i TPHBANOCTi B3aeMOJii
3pas3kiB 3 €NEKTPONITOM, IHTEHCHBHICTL JOAATKOBOTO Nika HE3IHAYHO
3MCHILYETBCS, & CaM BiH 3MIllyCThCS B KOPOTKOXBUIBOBY ctopony. Take
3MillenHs, IMOBIPHO, 3yMOBNIEHO BPaXyBaHHSAM B iHTErpajbHOMY edekTi
AUIAHKH, $IKA OJHOYACHO 3MILLYETHCA B CTOPOHY AOBIUX xsuib. [Tpote
Taka iHTeprnperanis A0AaTKoBOi Minii noTpebye n0aTKOBOT nepeBipkH,
OIHUM i3 COCOGIB SKOT MOXKE CTATH 3aMiHA BYIJEUto iHILHM €JIEMCHTOM,
Hanpukaal 3d-mepexilHuM MeTasioM, i NpoBeJeHHS NOBTOPHUX CIIEKT-
PaNbHUX ROCIHIKEHb i3 METOIO BHUABICHHS €)eKTiB, IO NPOABIAIOTHCA B
IHTEPMETANIYHAX CNONYKAX, PEHTIEHIBCLKI CNEKTPH AKKX JOCTATHBLO
nobpe BUBYEH].

3MeHUIEHHA BIACTaHi MiX OCHOBHHMHM CHEKTPANbHHUMH K, . -ninis-
MH NpH iHTepKansaLii i 36epexeHHs TeHASHUiT A0 LbOro edekry npu
3pOCTaHHi BiJHOCHOT KiNTBKOCTI KAaTiOHIB “rocthoBoro” enemexta Li'
CBIAYHTH NPO NEPEPO3NOJIN IYCTHHHM 3apsAROBOTO CTaHy B nepuy uepry
aHIOHHOT OCHOBHM (ATOMIB KHMCHIO). Y cnonykax MEpexiAHnX Meranis i3
pocTom BajieHTHOCTI K5, -fliHiA UMX MeTaliB (38 BUHATKOM Fe) 3cyBaeTs-

c B OiK KOPOTKHMX XBHIE, TOGTO TCHICHI(iA 3aCENEHOCTI BANCHTHHX OpGiT
Ti npasunbHo nepenaetses popmoto kourypa K 5 -minii.

InTepkansigiss 3 He3HAUHUM  “TOCTHLOBUM™ HaBaHTaKEHHSM (10
X = 0,6) Npu3BOANTD /Iy KOPOTKOXBHJIBOBOrO 3CYBY OCHOBHOI NiHIT B MO-
PIBHAHHI 3 YHCTHM OKCAJIOM; 3HAYEHHS 11LOTO 3CYBY CyTTEBE (3pasku Ne 2 |
Ne 3; 1abn. 2.6) i BUXOANTH 33 MEXi NOXHOKH EKCNEPUMEHTY Ta CBIXUMTH
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po [OAATKOBE OKHCICHHS THTaHY. Vkazauuii npoyec MOxHa MOB’A3aTH 3
BIATATYBaHHAM JIITIEBUMHM {OHHHMH OCTOBaMH eJIEKTPOHHOI XMapu Bij
KHCHEBOT MiAIPATKH,  AKa, Y CBOI 4epry, B3a€MOJIIOYM 3 THTAHOM,
CTIIPUMHHIOE HOrO AOJATKOBY iOHi3auil0 H acMMETpUUHHN nepepo3moiin
€JIEKTPOHHOI TYCTHHH, a OTXe, A0AaTKoBYy spd-ribpuausauiro. Ha kopucts
TAKOro .TBEP/UKCHHA CBIAYUTH I PI3HE 3MCHIUCHHS WUPHHYU JIH1II 3a
PaxyHOK 3HATTS BHPO/KEHHS, BHKJIMKAHOTO BHYTPIKPHCTANIIYHOIO CHMET-
piero.

IIpore mopanpmMii mpouec IHTEPKANAUIT 3yMOBIIOE AOBIOXBH/ILOBE
3MIIEHHS OCHOBHOI JIHIT Ha QoHi 1i 3HAYHOrO YUIMPEHHs, AKE, CYNAYH 3
HECHMETPHYHOT GOpMH K 5  -CMYTH Ta iCHyBaHHA PO3APi6NEHHX “Hamnu-

”»

BiB”, BHK/JMKaHE HECKBiBAJICHTHUMH MOJNOXKEHHIMH THUTaHY B CTPYKTYPI,
chopmoBaniit BHacHigox iHTepkamAnil. JJoBroxBuibOBHil 3CYB HE 3MiHIOE
MONOKEHHS JiHil K, — YHCTOrO AiOKCHAY THTaHY, TOMY JIONIYHO NEpei-

CauydTH iCHyBaHHA B JOCHiIKyBaHi# CTPYKTYypi HeiHTepKalibOBaHOro,
YKCTOrO AiOKCHAY THTaHY. KpiM Toro, HeeKBiBaSeHTHI MOJOXKEHHS TATAHY
MOXYTh OpMYBaTHCS 5K 38 PaXyHOK NOJATKOBOT'O JOOKHCJIEHHS OKCHAHOT
CTPYKTYpH, Tak i (opmyBanHs iHmOI KpHcTasorpadbiuHoi dazu, ska
CIIOCTEPIracThCsi y BUIVIAAI OKpeMMX cla00 BHSBJICHHX JHiHiH audppak-
TOrpaM, 3HATHX Bifl MX 3pa3skiB, Ta MOXJMBICTb BUHHKHEHHS SKOi OMH-
cana B poGotax [128, 129]. TIpu BHCOKHX CTyneHAX iHTepKanALii po3mu-
BacThCA JOOpPe NIOKANi30BaHHH B YHCTOMY JIOKCHII JOBrOXBHUIILOBHIA caTe-
JiT, 10 MOXE CBIAYHTH Ha KOPUCTh BUHUKHEHHS GaraTodasHoi CHCTEMMU.
Xapakrep 3MiHu KOHTYpa K, - npu inTepkansauii ans spaskie TiO,,

o Mictate n06asky Al,Os, TPUHLIMNOBO HE BiAPI3HAETLCS Bif ONUCAHOIO
Buige. [loyatkoBa crajis inrepkansuii BigOyBaeTbCA TAKOX Yy Mexax
oaHiel okcuaHol (a3u (PYTUIBLHOT UM aHATa3HOT), KOXKHA 3 SKHX JIOCArae
TIEBHOTO CTyNEHsA “rocTbOBOr0” HABAHTAKEHHsS 6e3 nepebyNOBH OCHOBHOI
TpaTKu fmaTepiany-“rocno,uapﬂ”. Ho6aBka aMOpQHOro B peHTreHOCTPYK-
TypHoMy BigHomenHi Al,O; npu cuHTesi giokcHAy THTAHY cripuse 36ara-
YEeHHIO 3pPa3KiB 3HAYHO CTAOUIBHILIOW CTOCOBHO aHATazy pPYTHIILHOIO
dopmoro TiO,. Hassricte amopduoro Al,O; 3MeHLUIYE IJIOLLY KOHTAKTY
TiO, 3 alEeTHNEHOBOIO CaXEl0, IO MPHBOAUTH A0 Pi3HUX 3HAYEHb IHTEH-
.CUBHOCTI AOJATKOBOI JIiHii, 3yMOBIEHOI TAKOIO B3AEMOIIEIO.

N
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§ 2.7. CrpyxTypa Ta eaexkTpoXimMiuni BAACTHBOCTI HAHOAHCHEPC-
HOYO JOKCHAY THTARY, JErOBAHOI0 32/130M

Cunres TiO, i3 smicronm 3aniza 0,5; 2: 5; 10 ra 20 mac. % 3ailic-
HIOBAJHT UUISIXOM  30M1b-T'¢ilb  TCXHOJIOT, 1;m\opm1ouyl»otm 1IPEeKypPCopH
HiCly ra FeCly:6H,0 y cnissignomenui, HeobxiiHomy s orpumaniis
1QJIaHOTO  HAHOKOMITO3UTY.  Di/posi3 roMoreHHol cymiili KOMITOHEHTIB
MPOBOJIMIIM B KORICHTPOBaHil conauili kucnoti. Koujencauiiinnii nponec
YTBOPEHHS CKIAJIHOIO OKCHAY 13 CyMIILT OKCHXJIOPHIIB TUTAHY Ta 3ai3a
aKTUBYRANM BBCACHHSIM Y peakiiiine cepeposuuie posunny NaOH, Tlicas
OCaLKEHHs TBEPHOT Pazy CYCNECH3II0 HAHOUACTHHOK NPOMUBAIN JUCTH-
NBOBAHOIO BOAOK A0 Biacytnocti B Hiif iotis Na' rta CI. Ilicas
BUCYLIYBaHHA [OPOWKH NpoxaptoBanu npu remoeparypi 300 °C npo-
TAFOM 2 TOJIMH.

PentreHoAMpakToOMeTpHURI LOCHDKEHHS HAHOKOMITOSUTHHX MaTe-
pianis TiO,<Fe> sniiicuiosanu ua andpaxromerpi JPOH-4-07 y sunpo-
MiHIOBaHHI MigHoro anoaa (A =1,54178 A) 3 dokycysaunsm peHTTeniB-
CbKUX MPOMEHIB 3a cxemow bperra—bpenrano,

Jlns npoBejieHHs Y-pe30HaHCHNX CIEKTPATLHUX JOCHLDKERb 3aNi30-
BMICHMX  OKCHMJIHMX  MarepiajiB  BHKOPHCTOBYBAJIM  CHEKTPOMETp
ATPC-4M, o npauiosas y pexumi nocnmmx npuckopexs. Sk Jukepeno
Y-KBaHTIB 3acTOCOBYRaNH iz0toit (o’ axrusnictio 50 mKu Yy XpOMOBIi
Mmatpuui. HecrabinbHicTs HYNLOBOTO piBHS WIBMAKOCTI. Ta noXHOKa
peectpauii ne nepesuinysana 0,5 xanany 3 256, WMpUHA PE3OHAHCHOI
aiHif s meranignoro a-Fe ctanosuna 0,30 Mm/c,

Ctpykrypui 3MiHM B HAHOKOMHOZWTHHX Marepianax JOCIHiIKYy-
BATHCs METOAOM indpauepponoi cniekrpockonii, [Hdpauepsoui cnekrpu
nponyckanus (I4-criexrpn) Z0CNiAHUX 3Pa3KiB PECCTPYBAJIN 3 J1OTOMOTOIO
Dyp’e-cnexrpomerpa Thermo Nicolet. JInst uporo Hasaxky pocnimky-
BaHoro marepiany (4 mr) smimysanu 3 KBr y cnissignowenni 1:100,
nojpibniopann y sibpauiinomy mjnni nporsirom 10 XBUAHH Ta 3
npnrommenon Cymil npecyBaHHAM (GOPMYBAAH NJACTHHKY PO3MIPOM
20x5 MM’

[Tutomy NOBEPXHIO CHHTE30BAHKUX MOPOUIKIB BAMIPIOBANHM METOAOM
afcopOuii aprony 3 NOTOKY aprou-rejticBoi Cymilii npu remneparypi
77,2 K, BukopuctoBytouu ans o0aiky o0’c¢My ancopGosanux rasis
xpomarorpad XJI-4. IToxibka sumipis ne nepesuntysana 6 %. s 6inbi
TOUHOTO 11 BU3HAUEHHS BUKOPHCTOBYBAIM AHANIZATOP FIMTOMOT 1OBEPXHI
Gemini 2360 (Micromeritics).
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Kinernuni napamerpu npouccis repenecenns 3apajy B AOCHKY-
BAHMX MaTepiaiax BM3HAYalM METOAOM IMIEAAHCHOT CHEKTPOCKONIT B
pianazoni wacror 107+10° 'y 3a gonomoroio BUMIDIOBANLHOrO KOMITIEKCY
“AUTOLAB” ¢ipmn “ECO CHEMIE” (Tomnanais) 3 BMKOpUCTAHHSM
xoMI’toTepHux nporpam FRA-2 ta GPES.

Bussneno, o 3mina macoroi kouuentpaitii FeCls - 6H,0 B peakiiii-
HOMY CEpEellOBMILI BU3HAYAE HE TiNbKH CHIBBIAHOLWIEHHS PEHTIEHOKPUC-
TaJiYHAX  anoTponHuX Moaudikauiii aiokcury Tutamy (pytuny Ta
aHatasy) B HaHOKOMIMO3uTHOMY Matepiani TiO,/ Fe, ane # sruinBac na
itoro aucnepcuicrs (Taban. 2.7).

Tabnuys 2.7
CTpyKTYypHI APaMETPH PEHTICHOKPUCTANIYHIX (P23 HAHOKOMIO3NTY

TiO,/ Fe
Anaras Pytun : «
v e o %

o gl o 4 gz g
o = o) - - - ol el o EF
= =9 12 < ) o} 3 = g
:‘ég‘éf“g E=E N < g X s < §§2 ‘§§'o"

v - 8 © |h & v iR e Mg

1 0 2 376219499 ] 98 | 4505 | 2965 | -

05 - = = T100 [ 4611 | 2,955 | 180 g

3 2 44 13.802]9.426 | 56 | 4600 | 2958 | B0 18

4| s 34 |3830]9275 | 66 | 4631 | 2956 | 350 4

5 10° 87 |3.838]9206| 13| - - 138 10

6 20 - T - = - 327 4

HoxHOKa 3 0004|0004 3 [ 000400041 - -

" [oxubka Ha BixHOCHMHA BMICT i napamMeTpH rpaTku U8 aHaTazy CTAHOBUTh, BifflO-
giano, 5-7 % ta> 0,01 A.

3a BincyrHocti FeCly - 6H,O B pesynbrati pinkodasHoro cunresy
YTBOPIOETBCA  pYTHIBHA Momudikauia TiO, 3 Heswausum (g0 2 %)
BMicTOM anarasy (puc.2.34). ITpu Bmicti 0,5 Mac. % Fe B HanokoMIio-
3MUTHOMY Matepiajli aHaTa3 HE PEECTPYEThLCA. 3POCTaHHA 3ali3a 10 2 Ta
5 mac. % crpusie yTBOpeHHIO ABO}A3HOro MaTepiany, a caMe - aHaTas-py-
THJIBHOTO OKCHAY, BMICT aHaTa3y B SKOMY CTaHOBWTb 3—44 % Ta 4-34 %
BiAnoBiAHO (tabn. 2.7). [lopanbiie 36ifblUeHHS Bmicty Fe B TiO,
NpuUBOAUTE O (GopMyBanHs OAHODAZHOIO AHATA3HOIO HAHOKOMIIOBHTY.
Tak, npu BMicti 10 mac. % 3anizsa na pentreHorpami 5 (puc. 2.34)
CKJIAJIHOTO OKCHAY PEECTPYIOTHCS AuLie AMQpakuiiini niHil aHarasy.
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Puc. 2.34. Penrrenorpamu jtiokeuay tutany (1), 2 TaKoK OKCHAHOIO
marepiany TiO,/ Fe 3 pisnum Bmictom atomis Fe, mac. %: 0,5 Fe (2);
3-2Fe(3); 5Fe(4); 10 Fe (5)i20 Fe (6)

Bonnovac 3i 3pocrannsim BMicTy Fe B OKCHAHOMY HAHOKOMIIO3MTI
MPOCTEXYETLCSA TEHJIEHLIA N0 30iblUEHH WUPHHKM AN(PAKIHHUX MaK-
CHMYMIB, WO 3yMOBMIOETbCS 3MEHUICHHSM DO3MIpiB AiNSIHOK KOTEPEHT-
Horo poscilosanus. Tlpu emicti 20 mac. % 3ani3a HaHOKOMPoSi HHI
Marepian ctae peHtreHoamopdrum (puc. 2.34, kpupa £,

Pesyiibratv y-pe3oHaHCHUX CNEKTPOCKONIYHUX JOCAIAKEND 3pasKiB
Ti0,/'5 % Fe ta TiO,/ 20 % Fe nasejteno B tabnuni 2.8 1a ua puc. 2.35.

[amma-pesonancuuii cnekrp sk ana TiO,/5% Fe, Tak i ais
TiO,/20 % Fe (nominytoua wactuna) ¢ napamarditHum jyGaerom i3
KBaJpynoibHuM poswerieniam ~ 0,70-0,73 mm/c, a ue cBigunth, 10
3apAROBHHA CTaH i0HiB 3aniza JopisHioc +3. I30MepHMil 3CYB criekTpin
AexuTey Mexax 0,60-0,70 mm/c, wo kopemoe 3 ganumu [130] npo
XapaKkTepuCTHKKM 10HIB 3aniza B matpuui TiO; ae Gyno orpumano
sHaveHHs & = 0,76+0,02 mm/c. OTxe, MOXKHA CTBEPJKYBATH, M0 1OHH
3ai3a 3aMilllyIOTh KaTiOHHI NO3MILT Yy By3nax KaTIOHHMX NijrpaTok axa-
Taszy ta pytuny. ns spaska TiQ, /20 % Fe cnocrepiractbes cexcTimer,
10 BIANOBIAAE 10HaM 3aii3a B MarHiTOBHOPAAKOBAHOMY CTaHi.
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Tabnuys 2.8
[MapameTtpn KOMMOHEHT MecOayepiBCLKHX CMEKTPIB HAHOKOMITO3UTIB
TiO, / Fe 3 pi3uuM BMicTOM 3a5i3a

BumicrFes TiO, | H,kE | §, mm/c | A, mm/ic | o, Mm/c S, %
Mac. % 1° 2 3 4 5
5 - 0,60 0,70 0,50 100
20 480 0,70 -0,10 0,77 10
— 0,55 0,73 0,55 90
IMoxubka, % 3 0,01 0,01 0,01 —

— epeKTUBHE MarHiTHE rnoje Ha sApi 3anisa; 2 — i30MepHuil 3CYB BIAHOCHO
HKepena B MATpUUi XpoMy; 3 -~ KBaAPYNONBHE PO3WCIUIEHHS; 4 — WHUpHUHA pe3o-
HaHCHOI NiHil; 5 — iHTerpanbHa iHTEHCHBHICTD.

BO—100 ~80 ~60 —a0 <20 020 4o Teo wo 100 1Bo
trysrn /s

BOS100 0 60 <10 52076 T a0 40T o wo 100 1m0
Puc. 2.35. MaMMa-pe3oHatCHi CHIEKTPH OKCHIHHMX CHCTEM
TiO,/ 5 % Fe (a) ra TiO,/ 20 % Fe (6)

Takum ynuHOM, pesynsratv MecOayepiBChKOi CREKTPOCKONT miaTsep-
JUKYIOTh AaHi PEHTreHOCTPYKTYPHOT'O aHalizy Npo BiACYTHICTL OKCHAHUX
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3ani30BMICHHMX (bas Ta J0BOAATH 30MOpdHe 3aMillueHHS 3a130M THTaHY B
KpMCTaquux BY3/1aX MaTpHLUi, HOMY Clipusic OJIM3bKICTb IOHHHX pajiycis
Fe’* ta Ti" (0,67 1 0,64 A ianosiguo). JlocaiuKeHHs TAKOrO 3aMilLEHHS
Ta MOro BIJIMB Ha MArHiTHi BJACTHBOCTI HAHOKOMIO3MUTY HPOBOAMJIOCS
Takox y po6oti [131], ae aBTOpH BKasyloTh Ha iCHYBaHHs pi3HUX 3aps-
AOBHX CTaHiB 3afiza B Marpuili TiO; i poGusiTh BHCHOBOK Npo Te, WO
aonosanuii 3anmisom TiO, He € QepomarHiTHUM HaniBNPOBIAHMKOM, a
WBMAILE HEMArHiTHUM HariBIPOBIAHNKOM i3 HAHOPO3MIPHUMH MarHiTo-
BIOPSAKOBAHHMH BKIHQUESHHSAMH,

I3omopdue 3amimenns Fe’* ta Ti'" susuanocs asropamu [132] na
OCHOBI JJAHMX ONTH4YHOI criekTpockonii B ynbTpadionecToBoMy Ta BHAH-
MOMY Jianazonax. BusBieHo 3MeHIIEHHS PO3Mipy KpHCTaliTiB IMpH
36inbiuenni BigHowenus Fe / Ti B nanokomnosuti TiO, / Fe.

3adikcoBaHe HaMW 3POCTaHHA BMICTY aHaTazy B CHHTC30BAHOMY
HAHOKOMIIO3UTI T O/JHOYACHE 3MCHILEGHHA PO3MIpY AINAHOK KOTepeHT-
HOTO PO3CIIOBaHH i3 30iMbLIEHHSM BiHOCHOIO BMicTy 3aiiza (tabn. 2.7)
kopemoe 3 fanumu pobotu [133). Taky TeHACHUIIO MOXHA MOACHATH NO-
ABOKX aHIOHHUX BaKaHCii B Jipunion 3pxucm:nwy 11api YaCTHHOK KOMDO3UTY
BHacHiiok samiwenns Ti'' wma Fe’', B pesynbrari uworo 3 Benmkow
iMOBipHicTIO OPMYyeTbCA TTOpUCTA CTPYKTYPa HAHOUACTHHOK, WO (ik-
cyeThed sk 30inpmiedHs NUTOMOT NOBEPXHi MaTepiany, pO3WUPEHHA
audpakuifaux  AiHIA  Ta  BIIHOCHE 3MCHIICHHA PO3MIpIB  JiNSIHOK
KOrepeHTHOro poscitopanns. JedekTHiCTh aHioHHOT MiArpaTkH Bu3HAYAC
CTYNiHb MiKpPONOPHCTOCTI cumuonauoro matepiany TiO,<Fe>, romy pict
BiaHocHoro mmicry ionis Fe’', BPAXOBYIOUM MEHIY TYCTHHY aHarasy
NOpiBHSAHO 3 pyTHIOM (3,896 Ta 4,249 r/cm’ BLANOBIAHO), NPU3BOJUTEL 10
30inblUeH s iMOBIPHOCTI (opMyBanHs aHaTasnol moaudikauii TiO,, uo
nigreeppKyeTbes gauumu [134]. 3Minu inTerpaibHUx 3HaueHb CTANKX
rpatok asoBux komnoneHtis komnosury TiO,<Fe> (tabn. 2.7) Bino6-
paxatoTh picT AeEKTHOCTI KPUCTANIYHUX IPATOK PYTHALHOI T4 aHaTasHol
CKnaaoBux. 3adikCcOBAHO aHI3OTPONHMI XapakTep HHMX 3MiH, AKUI Hak-
CHIBHILUE NPOSBAETLCA IS KpUcTanorpagiunoro Hanpsmky [001] B
CTPYKTYypi aHaTazy. /lauui ¢akt Moxe CBIIYHTH NPO CENEKTHBHE 3aMi-
EeHHS 10HAMK 3aJli3a BY31iB KATiOHHOT MArpaTku aHarasy (esnocepesiibo
B Npoueci CMHTE3y BHacHIIOK CTPYKTypHOi Tpancdopmallii Ta exepre-
THYHOT ONTUMI3AUIT BUCOKOACPEKTHUX AINSAHOK NPUIIOBEPXHEBUX 1LAPIB
HACTHHOK HaHOKOMTIO3HTY. Jloxa3om [poCTOPOBO-PEryNSPHOrO PO3Mi-
meHHs ionis Fe’' y mysnax kpucraniunoi rpaTkin aHatasy MOXKHA TAKOX
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BBAXXATH NOABY MPU BUCOKOMY CTYIEHI JICIYBaHHS MArHITORNOPSAKOBAHOT
thaszu, napamerpu MechHayepiBCLKOro ciekTpa kol OJIM3bKi 0 faHuX s
OKTaeipMUHO KOOPAHHOBaHUX sjiep 3aniza B Fe;O,4 [135].

B [Y-cnextpax (puc. 2.36) HeaHauHi 32 IHTEHCHUBHICTIO CMYTH TIPH
1200 cm™ 1a 1014 em™ XapaktepHi s pytunsHoi moaudixauii TiO, i
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Puc. 2.36. IY-cnektpu TutaH aiokcuay (1) Ta okcnaHoi
cuctemu TiO, / Fe 3 pizuum smicrom aromis depymy,
mac. %: 0,5 Fe (2); 2 Fe (3); 5 Fe (4), 10 Fe (5) 1 20 Fe (6)

3yMoBJieHi KonuBaHHAMHU okTaeapiB TiOg; HasBHicTs HaBiTh HEBEJIUKOT
KinbkocTi aTtomiB 3aniza B TiO, npu3BOAUTH A0 3MILICHHS B KOPOTKO-
XBUNBOBY JilsiHKY cMmyru npu 1620 eM’', sika, fiMOBIpHO, HaNEXKUTL
MOJIEKYJIaM BOIM, 110 3B’sA3aHl 31 CTPYyKTYpHUMH rigpoxcunamu TiO,
BoaHesuM 3B’s3koM. [lpu kowuentpauii 3anizsa 10% i Oinbwe BoHa
peecTpyeThes npu 1645 M. YV cniekTpax 3paskiB 3-6 3’sBIA€THCS HOBA
cMyra-npu 1321 cM”', 3ymMoBreHa KoIMBAHHSAMH okraeapi TiOg cTpyk-
TYpPHUX MOTHBIB aHaTa3y. 3a3HaueHa cMyra peecTpyeTbCs B CHEKTpax
3pas3sKiB, y SKMX [PUCYTHS aHaTaszHa Mojudikauis TiO,.

Ananiz iMrefaHCHMX XapaKTepUCTHK JOCHi/KYBAHUX Marepianis
JO3BONMB 3°ACYBATH HAABHICTL KOpEJSLIT MK THTOMHM OfOpOM p
nanovactuHox Ti0O, / Fe (puc. 2.37) ta ix cepeanim posmipom (taba. 2.7).
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Pruc. 2.37. 3anexuicts NHTOMOro onopy MOKCHiy THTaHy
BI/1 BMICTY aTOMIB 3a/1i3a

Tax, 3pasku 4 Ta 6 NOPOUIKOBOIO JIOKCHAY THTAHY 13 BMICTOM 3ajliza
BIAMOBIAHO 5 Ta 20 % MaloThb pisHy KpucTaniuny GyAOBY, OAHAK OH3b-
KICTb CEPEAHBOTO PO3Mipy HacTHHOK 3abesredye matepianaM OQHAKOBHIA
MUTOMHI onip. V Toif xe 4ac ans 3paskis 3 Ta 4 (smict Fe signosigno 2 ta
5 %), wo MaoTh npubnuzHo oxnakosuit ¢asosuit cknan, ane BiApizHE-
IOTBCS CEPEAHIM PO3MIPOM H4aCTHHOK, NUTOMHUH ONip MaTepianiB pisHHM.

Taka 0cobauBICTL 3aNi30BMICHUX HAHOKOMIIO3HUTIB HPOABAACTLCA
Ha niarpamax Haliksicra ans cripecoBanux nHanomarepianis (puc. 2.38).
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Puc. 2.38. Jliarpamu Halikpicra ans TH1an
JHOKCHITY 3 PI3HHM BMICTOM aToOMiB 3aliiza;
1 -05%:2-2%:3-5%:4-10%;5-20%
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Hiarpamn zpibuosepuuctux spaskis TiO, o wmicrsts 0,5; 5; 10 ta
20 % Fe, matots Qopmy ayru. lle o3Hadae, 110 3a po3scitoBaHis HOCIB
3apsifty BIANOBIAc, FONOBHUM YHHOM, HEMOAYJILOBAHUIN MOTEHLIALHHN
penbed.

Jnsa rpy6o3epHHCTOro okcuaHoro marepiany (smicr Fe 2 %) aiarpa-
ma Haiiksicta chopmosana asoma ayramu. Jlyra B HHU3BKOYACTOTHOMY
JianasoHi 3yMOBJIGHA MMOMITHUM BKJIAQJIOM 'Y PO3ciioBaHHs HOCITB 3apsuy
Mix3epeHHUX Gap’epis.

VYpaxosytoun HadHOBUMIpHHH Macwitad 4YacTHHOK JOCHIKYBAHHX
MaTepialiiB, MOXHA BBOXaTH, O AOMIHYIOYAM BIJIMBOM Ha pyX HOCIIB
cTpyMy € edexT “graphity”, sikuit OB’ sI3aHUIT 3 HASABHICTIO BEJIMKOT Kilb-
KOCTI MOBEPXHEBUX CTAHIB B OK0Ji piBHs PepMi 32 paxyHOK 30UIBILICHHS
Bi/THOILEHH KiNbKOCTI NOBEPXHEBUX AaTOMIB 10 06’ eMuux [136].

Ha puc. 2.39 nokazani excnepyMEHTANbHO OJEPKaHi Ta 3MOAEbO-
BaHi (exBiBaneHTHa cxema 300paxeHa Ha puc. 2.40) iMpeJaHCHi Xapak-
TepucTHkK KatoaHoro Matepiainy TiO,<20 % Fe> na nouatkosiii cragii
nitiesoi iHTepkanguii. Caig 3a3HauuTH, WO NMoxubka MO KOXHOMY napa-
METpy He nepeBuiysana 3 %.

0 ¢ el BRCNEPULIAGHTANBHE KPHBA
6x10'F Q= ~{=  MOAGNLHA KpuEa
= 5x10'F
4000 [ O GRCTIEPUMEHTSIbHA KpUBS o' F
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3000 xi0'F
2%0: o'
P r [ 9 ,
O x0f - )
N ssoof 1o 10
N 1500} 4
oer d""**u\ a0
500 35 L
[ 30§
°r 26 |
500 4 " 20 F
U 1000 2000 3600 €000 5000 15t
Z', oM 10
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Puc. 2.39. ExcriepuMeHTaNbHI Ta MOJENbHI IMICAAHCH] XapPAKTEPUCTUKY
npotiecy niTieol inrepkamuii B TiO, <20 % Fe>

Hiarpamu Haliksicta nis nouaTkoBoi ctafii BOPOBAKEHAS NITIIO B
NIOKCHA THTaHY 3 Pi3HUM BMICTOM 3aJi3a € O/JHOTHIIOBUMH it 33 GOPMOIO €
6nu3bKUMH 10 jAiarpami, 010 nokaszaHa Ha puc. 2.39. YV zanexHocti Big
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BmicTy Fe B TiO, HisbkovacroTHa npsma 3Minoe ¢Bill maxun no oci
ACHOT YacTHHHU IMNEAANCY, WO CBLAUMTL 1po andysikiHo-kinetnunnii
KOHTPOJIG I1POUECIB  IHTEpKaNsLii ioHiB NiTiI0 B HAHOAHCNEpCHHIT Riokeu 1
TUTaHYy.

llpu Bubopi exBiBasieHTHOT CXEMH TTOMATKOBOT cTaaii niTieBOT iHTEp-
Kanauit nanokomnosuty TiO,<Fe> Gyiin BpaXxoBaHi NOPACTICThL CREKTPOJL-
HOTO Marepiany, HasBHICTb Mik3epeHHUX 6ap’epiB Ta NPUCYTHICTB Y
MaTtepiani-“rocriofapi’”’ AinsHOK, OBMEKEHUX MPOCTOPOBUM 3aPIIOM.

Ha puc. 2.40 onip Ry — e nocniloBHuii cksiBaieHTHHI Onip, aKkuil
BKJIIOYaE B cebe onip enexTposity, Onip NiABIAHUX NPOBIIHHKIB Ta
konTakTig, Cepis NOCAIZOBHO BKIKOUEHKHX NaHok Ry||C, 1 Rol|C, Monemoe

RS CPE1
N
>
CH c2 Css
F t e
R1 R2 w
Rss

Puc, 2.40. Mojensua ekpiBaieHTHA CXeMa JUIS NMOYATKOBHX Craiiil AiticBoi
inreprananii TiO, neropavoro Fe

repeHeceH s 3apsly BIANOBILHO Hepe3 MeKy PO3Aiy elekTposiT || TuTan
HiokcHA i uepe3 MixasepenHi 6ap’epu. Jlanka Ry || Ci || W Bianosinae 3a
nepevecenns sapany uepes TiO,<Fe>. Onip Ry imocrpye nepenecenus
BJIACHUX HOCITB B 00’€Mi €1eKTpoAa, a HasBHICTb audy3ifHOro iMineaHcy
BapGypra (W) 3yMOBeHa KOHUEHTPAIIHOIO NONSPU3aLicto CUCTEMH pH
BripoBajkenHi miTio. Y emuicys Marpuili Cy pobnsth BHECOK €MHICTh
AiISHKK npocTopoBoro 3apsiay B wapi TiO, i reoMeTpuyHa EMHICTb 1IbOFO
wapy. Enement nocridinoi gasm CPE monenioe nopucticts crpykrypu
enextpoaa [137].

Pesynpratn xOoMR’I0TEPHOrO po3paxyHkKy napameTpis MOJEALHHX
€KBIBAIEHTHUX CxeM (puc. 2.41) nigrsep/pkyiorh nepeBaxatouuil BIAUB
PO3MIpY YACTHHOK Ha ONp AiNAHKH, 0OMEKCHOT NPOCTOPOBUM 3apSIOM
(Rpev). Makcumanbhi 3uadeniis Rpg, XapakTepHi juist MEHLI AMCHEPCHUX
MaTepianiB. YV CBOIO Hepry, 3MCHUICHHS Rpy, NOBUHHO NPH3BECTH A0
pOCTY €MHOCTI uici AINAHKM, INO CKCNCPUMCHTAILHO THATBEPIKYCTHCH
(puc. 2.41 a, 6).
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Puc. 2.41. anexsicts onopy (a) Ta emuocti (6) o6iacTi 0OMEKEHOT
00’€MHMM NIPOCTOPOBUM 3aPAJLOM Y TUTAH [IOKCH/I Bif BMICTY (epymy

BaxivBuM KIHETUUHUM NapaMeTpoOM IHTEPKANALIHHOrO CTpymo-
YTBOPEHHs € onip crajii nepexecenns 3apsny (Ry) uepes mexy posainy
€JIEKTPOA || eNeKTPOMiT, sKHi BU3HAYAE NOTYXHICHI XapaKTEPHCTHKH
mxepen crpymy. Sk Buaso 3 puc.2.42a, BiH 3a JAaHWX YMOB, B
OCHOBHOMY, BM3HAYa€ThCs pPO3MIPOM UYAaCTHHOK, TOOTO TYCTHHOW Ta
TOMOJIOTICIO EHEPreTHUYHUX cTaHiB nobnusy pisus Pepmi. TlporunexHuit
po3MipHuii edeKT BIACTUBHIT €MHOCTI MOABIHHOIO €NEKTPHUYHOrO ILapy
(Cu) 3a3naueHoi Mexi po3ainy (puc. 2.42 6).

Ha puc. 2.42 nokasana sanexsicrs koeditienra audysii D nirtio
npH #oro inTepkanauii B Hanokommosuty TiO,<Fe> sin BMicTy 3aniza B
TiO,. 3nauenns D kopemoe sk i3 po3MipoM YacTHHOK, AKi BiAMOBiganbHi
3a BILIMB 0COOIMBOCTEH €eKTPOHHOT Oy 10BH Ha koediuienT Barnepa, Tak
i 3 dasoBuM ckajioM, skMii BifnoiZanbHUi 3a BenuuuHy koedilieHTa
augysii.

Takum ynHOM, CHHTE3 NIOKCMAY THTaHy, JECOBAHOIO 3alli30M 30JIb-
reiib METOJAOM, JO3BOJIIE OTpMMYBAaTH HaHokoMmnosuty TiO,<Fe> 3
BHUCOKOIO [TMTOMOIO [OBEPXHEIO, Pi3HUM (PasOBUM CKIAOM Ta Di3HMM
CTYHCHEM CTPYKTYPHOI AocKoHajocTi. Y mpoleci CUHTE3y CKHaLHOTO
OKCHAHOrO Matepiainy Binbysaetscs samimenus Ti'' na Fe’' y By3Jjax
KaTiOHHUX MIATPATOK aHatasy Ta pyThily. 301bILCHHS CTYNIEHA JIEryBaHHs
3a/i30M TNPU3BOAMTL JI0 JOMIHYBAHHS B HAHOKOMIIO3MTI AaHATA3HOI
moaudikaunii TiO,. 3adikcosano aHizoTponHuil Xapakrep 3Min napameTpin
KDUCTafi4HOi rpaTkd (a3 HAHOKOMIO3MTY, WO MOXE CBIAYHTH 11pO
CeNEeKTUBHE 3amillents ionaMu 3aiiza By3/iB KaTIOHHUX NiArpaTok.

98

6000 |-
5000 | a

4000

Rmg O cm?

3000

C.,, mxdy om?

2000 |-

1000 |

10 15
% Fe

Puc. 2.42. 3anexuicts onopy crauii neperecerns sapsany yepes Mexy
posainy eniektponir // enckrpon TiO, / Fe (a)
Ta eMHocti Cy (6) Bia BMmicty depymy

Buzuaqanbnolo IS BETMUMHK 3HANCHL ONOPY CTafil NepeHeceHHs
3apAjgy Hepe3 Mexy pO3isly eNEKTPONIT || HAHOKOMIIO3HT NpH eneKTpo-
Ximiuniii siriesiii inTepkansuii € enexkrponna Gynosa HAHOKOMMO3UTY.
Came po3sMip HAHOUACTMHOK BH3HAYAC 3HAYSHHS €MHOCTI NOABIHHOIO
CNIEKTPUUHOFO APy MeXi po3ainy eackTpo || enexrponit ta nebacsebiuit
paniyc ekpaHyBaHHs B uacTunui. Koedinient andysii, onip mixaepennux
Gap’epis Ta ix emuicTh sanexwHi nepeBaxHo Bia ¢azosoro cknamy
marepiany iy MeHiuiii Mipi Bifl po3Mipy HaHOYACTHHOK.

§ 2.8. Tepmiuna ii nazepna moaudikauis HAHOAKCIIEPCHONO
AloKCeWIy THTANY Ta il BIUIAB Ha jitieBy inTepransanio

Enexrpoximiuna cucrema Li-TiO, (anartas) BOROJIC AOCHTH BHCO-
KHMH TTHTOMHMH CHEPreTUYHHMM XapaKTEPUCTHKAMM, NPOTE aHaTa3Ha
cTpykTypHa moandikauis TiO, € goporowo, wo crpumye iHoro wmHpoke
3aCTOCYBaHHsl B SKOCTI KaTOJAHOrO Matepiany CHCKTPOXiMIUHMX JKepen
EIEKTPUUHOI eHeprii. ¥V Tol Xke 4ac pyTuibHA CTPYKTypHa Moaudikauis
HatoaucriepeHoro TiO, € 6kl LOCTYNHOIO 38 BAPTICHUMH NOKA3HHKAMH,
CepIiHO BMPOOAACTBCS BEAMKOIO KiMLKICTIO XIMIMUMX KOMUaHiii, npote
Mac OinbUl HM3bKI  PO3PSIHI  XapakTCPUCTHKH B JHTIEEHX Jokepenax
CTPYMY. 3 METOIO NUIBULICHHS EKCILIyaTAiHHKX XapaKTepHCTHK ENeKTPo-
XIMIYHHX CHCTCM, BMTOTOBACHHX Ha OCHOBI pyTineioi gopmu TiO,, no
PIBHS HAlBMIWMX NOKA3HMKIB, OTPUMAHUX Ui aHATa’y, NPOBOAHIOCH
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Tepmiyde Hacuuenus nopoukis TiO, sucokommcnepenmu o-Fe abo FeyOy
(MarHeTyT) 13 NOAAILIIUM JA3CPHUM BINANOM MOAH(BIKOBAHUX CHCTEM.
KpimM Toro, mocnimkyBaBcst BIJIMB TEPMIMHOTO H JlazepHoro Bigmany
niporenHoro Ti0, Ha #HOro crpykrypy 1 BIACTHBOCTI SIK KaTOAHOIO
marepiaty. Y INeEpliOMY BHMRAJKY BHKOPHCTOBYBABCS HAHOJMCIIEPCHHI
AiOKCHA THTaHY pyTtuabHoi popmu dipmu “Jliotnon” i3 cepeaniM poaMipom
yactuHok 270 HM, skuit Tepmiuno moaudikysascs TeepaodazHuM cnikar-
HAM 13 Hanoaucrepcuum o-Fe abo maraeturom FesOy npu temneparypi
350-400°C y Baxyymi npu Bmicti 10-20 wmac. % wmoaudikyouoi
peuoBuHu. Tlig 9ac mAroTOBKM MOPOINKIB JUlS CHIKAHHS Y CKJIAA BIMXTH
Aopasanu 10 mac. % opraniuHol 38°A3y040i pe4OBHHM — NOJIBIHIIOBOrO
cnupry. 'oMorenizatiis cyMiuli 31ilcHIOBaNACA WAAXOM TepeTHpatta i B
aratoBiil crynui npoTrsroM 3-5 xBuiaus. OTpuMaHy NYJbIy HAHOCHAM
TOHKHM LIAPOM (3 PO3PAXyHKy 3 Mr/cM’) Ha HikeneBy CiTKy, Hicis 4oro
BiAmamoBaJiM y BakyyMi npu Temnepatypi 400 °C npotsrom ogici
rOAUHH. BUrOpAHHS 3B’A3YIOYOTO y BaKyyMi HNPUBOJMIO 10 YTBOPEHHS
BHUCOKONOPHCTOT KapKacHOT CTPYKTYpH MaTepiany 3 HAHOpPO3MIipHUM
BYTHECUEBUM TOKPHTTAM TNMOBEPXHI I0p, Yepes sike GesnepelkoAHo npo-
HukaloTh ioHu Li'. Takum uniom, Bijnagae HeoGXiAHICTL 10/AaBAHHS npu
BMI'OTOB/EHH] KATOJA CTPYMONPOBIJHUX PEUOBUH | HEMPOBIAHUX 3B’ A3YI0-
4HX CyCMeHdsid, ski iCTOTHO 3HUXKYIOTh MUTOMI XapaKTepPUCTHUKH CHCTEMHU.
Sx HaM yxe BIAOMO, HA MaKCUMANLHUI CTYNiHbL “rOCTLOBOTO” HaBaHTa-
MEHHS KaTo/a BIUIMBAE, 30KPEMa, KiNIBKICTh HasIBHUX Yy Matepiaii-“rocrno-
Aapi” BaKaHTHUX TOJOXEHb (CTPYKTYpPHMX MOPOXHHH, MOp i T.I.), fAKi
MOXYTb 3aliMaTH 10HH JiTHo. OXHAM i3 MOXGIMBUX CNOCOGIB 30iNblLEHHS
TaKUX MOJOXKEHb € Na3epHE OIMPOMIHEHHS JROCHIMXYBAHOrQ marepiany
[184] immynbcamm Benukoi notyxHocTi. Jns UbOro BHKOPHCTOBYBABCS
nasep, WO Npautosas y PexHMi MOAYNbOBaHO! foGpoTHOCTI (TpuBanicTh
iMmoynscy T =15 He, enepris B iMnyisci E = 0,02 [k, yacroTa ciigysanus
imnynbciB  f=56 I'u, TtpuBamicte onpomiHioBaHHs t=1~5 XBUAHH).
PeHTrenorpaMu OTPHMAHOIO MaTepiajly 3HIManucs Ha JMQPAKTOMETpi
APOH-3,0 3 suxopucranusm CuK,-BUNpOMIHIOBaHHA B NpeuusiiiHoMy
pexumi (puc. 2.43). PentreHodasosuii anaiis ycix cucTeM CBigYMTbH MpO
crifikicts pyruasHoi dopmu TiO, B mpoueci Tepmivnoi i maszepHoi mo-
Aundikauii. 3MiHa napamMeTpiB rpaTku TeTParoHaNbHOI CHHTOHIT HaBeAeHa B
Tabmuui 2.9.
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Puc. 2.43. HopiBaanbii pEHTICHOrPaMH BUXIIHHUX TEPMIYHO-
MOAMQDIKOBAHUX 1 NA3CPHO-ONPOMIHECHUX KATOANKX MaTepianis
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Tabnuys 2.9
CTpyKTypHi HapamMerpy HaHOKPUCTANIYHOrO JIOKCHIY TUTaHy, BU3HAUCHI]
1pH KiMHATHIHA TeMnepartypi
[lapameTpu rpaTku, HM

3paszok Buxianuii JlazepHo-onpomiHenui
a c a c
TiO, 0.4589 0.2955 0.4587 0.2954

(Ti0,)o77(0-Fe)o, | 0.4590 0.2956 0.4590 0.2956
(Ti0,)o.77(Fes04)o2 0.4582 0.2951 0.4584 0.2953

Enextpoximiuna iuTepkansuis Li' saificmioBanacs B ranbBaHo-
CTaTHYHOMY PEXHMi 3 TFYCTHHOWO CTpymy 20 MKA/cM® TIpH KiMHATHI
temneparypi (puc. 2.44). Po3psgHi xapakTepuCTHKH JIaHHX KOMipOK
HaseneHi B Tabauui 2.10. KonueuTpauis “roctboBux” iOHIB JiTiiO x Ha
onHy dopmynshy oaunuitio TiO, BusHauanacs gopmyoio 2.4.

3.2 "-“; (TiOo gs (u-Fea 32 (Ti02)o s (FesOados

; .
30 30
26 / A 281 A
28 287

' 244
24 -

2 2] '\._::*,.\‘\_‘ 3 224 P g

& e - \\ 204 \
20 e o) -
1,8+ \.\ 16 \\.\

\\ S
164 14
-

14 T L] U T T T T T T al 12 T T T T T 1

Puc. 2.44. 3anexHicTb Hanpyru eNeKTPOXiMidHHX KOMIPOK,
BHI'OTOBJICHUX HAa ocHOBI BuxigHOTrO (1) TiO, 1 Nasepro-
onpomineHoro (2) TiO, Bia koHUEHTpaLii BMPOBaMKEHOro JITIIO
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Tabauys 2.10
PospsHi XapakTepuCTHKY eNIeKTPOXIMIYHHX KOMIPOK, BUIOTOBIIEHUX Ha
0CHOBI BUXifiHOTO i J1azepHO-0onpoMineHoro Hanoanctepctoro TiO,

. M (‘\‘Ils
Ka’rom.i Hh X A-ron/k | E,, Brroa/kr
marepian -
_ TiOyta-Fe | 1.36 | 459 951
Buxianuit . :
TiOy+Fes04 | 1.93 594 1301

JlazepHo- TiOyto-Fe | 2.07 480 1096
ONpOMIHCHMH TiO+Fe;0, | 273 | 686 1550

[TopiBHaALHI KpHBI KOHLCHTPALIHOT 3aJIe)KHOCT] MaKCHManbHOTO
“rocThOBOrO” cTylleHs HapanTaxeHus Li' 306paxeni na puc. 2.45.
Jlazepuuii Bignan Buxignux nopoukis TiO, (pyTH) npusBoaKTL 10
HHKEHHA MAKCHMANhHOrO “rocrboBoro” HapaHTaxcHHs. Takuii edexr
6yB BHKNUKAHWH, HalliMOBipHilWle, pyiiuyBaHHAM KaHaliB Yy CTPYKTYpi
IOKCHAY THTAHY | CTBOPCHHSM CIEKTPOCTATHYHHMX EKPAHYIOHYHX [0BEp-
XOHb Y NPHUNOBEPXHEBUX apax xpuctanitie. [1po e cBiguuTh poswupen-
Hs audpakiifHux JHHill nasepHo-Biananenux spaskis. Cutyauis 3mi-
HIOETLCS TIPH NA3CPHOMY ONPOMIHCHHI cnCTEM, 3a3lalerisp Moandikosa-
nux a-Fe i Fe;Oy. 3oxpema, 111 HCOMPOMIHCHUX 3PA3KIB Xy MOHOTOHHO
IMIHIOETBCS B 3aJICKHOCTI B CKiajly Jierylouoi peqosMHW  (NpH
monudikaitii o-Fe napaMerp Xy 3MeHIIyerbes, npu Fe,O, — 3pocrae),
TOMI AIK AAs Ha3epHO-BiANANCHUX 3pa3kiB AaHa 3aJICHHICTL BTpadyae CBiil
MOHOTOHHHI XapakTep | BUHHKAE MAKCUMYM Xy AN KOHUEHTpalil o-Fe
i Fe;04 ~10 %. 3 mpakTH4HOT TOUKH 30py caMe TaKi CUCTCMH BUKJIMKAIOTh
HalGinbmy wikaBicTs. BUHUKHEHHS MaKCHMYMIB BUMArac JOJATKOBHX
JAOCHIPKeHb NPOLECiB NEPCHECCHHS IOHIB MITII0 B TAKUX CHCTEMAX.
[MopiBusibHi KPUBI KOHUCHTpALLiHOT 3aNeKHOCTI MaKCUMalbHOro
“rocTbOBOrO” CTYNEHs HapaHTaxeHHs Li' 306paxeni Ha puc. 2.45.
Jlasepunit Bignan BuxigHux nopowkis TiO, (pyTHn) npusBOAHTL 10
BHUKEHHS MaKCUMaJIbHOrO “roctbOBOro” HasaHtaxeHns. Takuil edexrt
OyB BUKIMKAHUI, HaliMOBIpHilE, pyiHHYBAHHAM KaHANIB ¥ CTPYKTYpPI Mi-
OKCHJLy THTAHY 1 CTBOPEHHAM €NEKTPOCTATHYHUX CKPAHYIOUUX ITOBEPXOHb
y NpHOOBEPXHEBMX wWwapaX kpuctamiTiv. [1po we cBilMHTL pO3LWIMPEHHA
Audpaxkuiiinux nidiil nazepro-pianansenux spaskis. Cutyaiis 3MiHIOETBCS
NP Na3epHOMY OIPOMIHCHHI CHCTEM, 3a3aaneriib Moaupikosanux a-Fe i
Fe;0y. 3okpeMa, Juis HEONIPOMIHEHUX 3PA3KIB Xy MOHOTOHHO 3MINIOCTHCS
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Puc. 2.45. ITopiBHAnbHI KpHUBI KOHUEHTPALIHAHOT 3AJIEKHOCTI
MaKCHMabHOro cryneHs intepkansuii Li' suxignoro (1) # nasepuo-
onpomisenoro (2) Bin smicty a-Fe(a) i Fe;0,4(6) y katoui

B 3AIOXKHOCTI Bl ckiafy heryiouoi pedosunu (npu mogudikanii  o-Fe
MApAMETP Xyace 3MEHLIYEThCS, TIpu Fe;04 — 3pocTae), Toai sk wist jlasepHo-
BIINANCHUX 3Pa3KiB aHa 3a/leXHICTh BTPavae CBiil MOHOTOHHHUIl xapakTep
i BUHHKAE MAKCHMYM Xyae M KOHUeHTpauii o-Fe i Fe;O, ~10%. 3
NPAaKTHYHOT TOYKM 30py CaMe Taki CHCTEMH BUKJIHKAIOTh HalGinbuiy
uikasictb. BHHUKHEHHS MaKCUMYMIB BMMArac JOJATKOBHMX AOCHLIDKEHD
NPOLECIB NEPESHECEHHS 10HIB JIITHIO B TAKMX CHCTEMaX.

Xii po3psiAHMX KPUBHX MOkasye, wo iHTepkansuis Li B moandi-
KOBaHi 3pa3ky 3MiHCHIOETbCS Y ABOGA3HY CHUCTEMY, 3aIIOBHEHHS 1 NOTEH-
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Hiafl SKUX BIAHOCHO JIFTIIO ICTOTHO BIAPIZHSIOTLCS. AHANIZ PeHTreHOrpam,
HA SIKHX BUABAAETLCS Jniue it Ti0, (pyTun), a-Fe i Fe;Oy, srasye na re,
IO TAKHMHK J0JATKOBUMH asamu ¢ o-3ani30 # marderut. Maruerut
BOMOMLE [HNIHEALHOIO CTPYKTYPOIO 3 JIOCTATHLOIO KIALKICTIO BaKawucii
BEJAHKOrO PO3MIpY, U0 CHpHAC BiIbLLI iCTOTHOMY NPOABY BIJIMBY WicT MaT-
puui npu pospsyi katoaa (Aisnka A puc. 2.44). Pe3yiibTatoM IMITyIhC-
HOFO CKaHYIOUOro Na3epHoro Bignany 3paskis i3 FesO4 € 3Haune nopy-
IIEHHS NOBEPXHI KPUCTANITIB 1 3HIDKCHHS THTepKaniuilinoro norenuiany
KaToAa B LIOMY, 1O PO3LMPIOC RJSIHKY KOHULEHTpauil X 31 ¢crabinbuoto
po3psiaHolo Hanpyroto ~2.2 B. Ananoriuke onpoMiHeHws 3paskis, i0-
mifiosanux o-Fe, npusomurs 10 okucienus dazm o-3ainiza i yTBopeHHs
HoBOI (hasu, 3paTHoT 210 inTeprkanauii Li'. Jinsuka craGinsuocti pospsanoi
HAMPYTH 3MILLYETHCS B CTOPOHY BUILMX 3HAMCHDL X, MPH L{bOMY 3pOCTaE HA
~0,1 B HoMinanbHe 3naueHHs pospsaHoi Hanpyr. Ha pentrenorpamax
BIUIMB NA3€PHOrO OMPOMIHCHHSA JAHNUX 3PA3KIB MPOABISCTLCH B NOABI JHIM
MaNOIHTEHCUBHOT da3u, IACHTH(IKYBATH SIKY NOKH 110 HE BAANOCH.
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Puc. 2.46. 3mina napameTpiB rpaTKy aHATAZHOI | pYyTHWILHOT GopM
HeinrepkanboBatoro TiO; ricns TepMivHOro BimTy:
1 — 3MiHa napamMeTpis rpaTku ¢ anarasy # pyruay;
2 - 3MiHa napaMeTpiB IpaTku ¢ aHartasy i pytuny;
3 — 3MiHa KoHUeuTpauii anatazy @ pyTuiIy B LOCII/DKY BAHOMY 3Pa3Ky

Tepmiunnii Bignan sanoauciepcHoro niporenoro TiO, npu Temne-
parypax 300-900 °C npuBosuTh A0 3MEHHICHHS BMicTy aHartaly W Bia-
MOBIAHO, 30UILIIEHHS BMICTY PYTHILY ¥ Binaaeuux spaskax i npu 900 °C
pedriekcH aHatazy CrocTepiraloThesl JUUlC Ha PiBHI MOMMIOK EKCREpH-
MEHTY (puc. 2.46). OgnouacHo y 3paskax, ignaseaux npu 900 °C, aus
PYTUNY MAa€ MICIHE 3MEHIUCHHS NMOCTIHUX TPATKH g | ¢, 10, HAMOBIPHO,
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NOB’S38HO 3 TEPMOCTHMYJILbOBAHHM BiJAHOBJICHHAM CTPYKTYPH # 3MeHLIEH-
HSIM KOHUEHTPALLIT aHiOHHUX BAKAHCIH. -
EnexTpoximiuna inrepkassuis ioHis iTio B HAHOAHCIICPCHHI AIOKCH L
TUTaHy MPU3BOAMTL 0 Mopyiuerns (asoBoi p-im;{osam (puc. 2.47) 1
opmyBsaHus KyGiuHoi dasn snposamrenns Tuny Li, Ti;.,0; 3 npoctopoioio

auxigHua+Li

a)
7 % l\ x=3.5
| Mﬁ

T T

BUXigHUR-
73% awavaay +27% pyTuny

6‘0 70 80

20 30 40 50

26,rpap
] 6

) signan npu 500°C
] 71% aKxataay + 28% pyTuny
B signan npu 500°C+Li
{(x=3.5)
4 D Bignan npw 500°C
— T T T T T T
20 30 40 50 80 70 80
] 20.rpan
8)

gighan npu 900°C
14% awarasy +86% pyruny

signan npn 900°C+Li

{x=3.5)
E i A !ainnan npu 900°C
] T T T T T T
20 30 40 50 80 70 80

20,rpan
Puc. 2.47. Pertredisenki audpakrorpamMmu BUXigHoro i Bi)lnaneuorg pu
temneparypax 300 (), 500(6) i 900°C(B) miokcuay THTAHY J10 H AiCHs
inrepkasiii (x = 3,5)
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rpynoto cumerpil Fm3m, B sxili atomu turamy i itiio xaornuno
PO3TALOBYIOTHCS B [YCTOTAX, YTROPEHHX KHCHEBUMH KOOPAMHAHIHUME
nonieapamu. Ynepiue $hasoBuii nepexij Bill TeTparoHanbHoi 0 KyObiunol
CUMETPIT MPH 3POCTAHHI KiJIbKOCTI BIPOBAJDKEHMX B aHATa3 iOHIB NiTiO
cnocrepiraiu astopu pobdoru [38]. Kpim roro, B poboti [110] nosigom-
NAETHCS PO BUABJEHHA opTopombiunoi cumerpii (Imam) g inTepkanbosa-
HOMY JUTICM AloKCHIl THTaHy aHarasnoi gopmu. BusHauanbuuM Yuinu-
KOM Takoi rpaucdopmaitii KpUCTaniuuoi crpykTypi AiOKCHAY THTAHY SK
AHATA3HOT, TAK i, SK MOKA3ANK Hali JOCIJUKEHHS, PYTHIALHOT (JOpMH MO-
KYTh CHYXKNTH KHCEHDb 1 BOJA 3 HABKOJMLIHLOTO cepeloBrina. Bmict ky-
OidHOT ha3u B TEPMIHHO BiANANCHHX MaTepianaX HE3ANeKHO Bill Temnepa-
Typu Bianamy ans X=3,5 cranosuts 78-83 % ans AOBILHOrO CHBBIiAHO-
IIeHHs MK BMICTOM aHatasy if pytuny (puc. 2.47, 2.48). Fimogipuo ocros-
HY poJib y jopMyBanNi JaHOT hasn Bifirpac KOOPAHNYIOUA B3ACMOLIN I0HIB
JTHO, B pe3ynbTati yoro GopMyiotses 3g’s3ku tuny Li-O-Ti-O-Li. Y
BKA3aHUX 3pa3kax BIACYTHI OKCHAM UM TiAPOKCHAH JITIK) B KpUCTANid-
HOMY CTaHi, alle He BUKJIOYEHO, IO BOHU 3HAXOAATLCS B PEHTIEHOaMOPd-
HOMY CTaHi B POJii HOBEPXHEBOTO NACHBYIOYOro wapy. 3Mina napamerpis
KpUCTaiiYHiX CTPYKTYp aHatasy #f pytuiy B 3aleXHOCTI Bi;l TeMAEpaTypH
HOCHIMKYBAHOrO Matepiany 300paxena na puc. 2.48. Sk BUUHO 3 pu-
CYHKa, MOCTIHHI IpaTOK aHaTasy i pyTwjly 3 pOCTOM TeMNepaTypH B
KIHUEBOMY MIACYMKY 3MEHILYIOTHCS, IIPHYOMY AJIS AHATasy Take 3MeH-
UIeHHA Mae MOHOTOHHMI Xapakrtep. Kpim Toro, mis amarasy nomitai
3MIHM NAPaMETPIB IPATKU CIIOCTEPIFAIOTHCS HA 3aKIOYHOMY eTaii TEPMO-
CTHMYJIbOBAHOTO (ha30BOro nepexoily asaras — pytin. Binmitnmo, wo
PO3MIP JIJIAHOK KOPEPEHTHOTO PO3CIIOBAHHS PEHTIeHiBCHKOrO BHMPOMI-
HIOBaHHA AN [OCAIDKYBAHMX 3paskiB JiOKCHAY THTaHMy XapakTepu-
3YETbCS JIOKANBHUMH MiHIMYMaMH, NOUMHAIOUM 3 TEMNEPATYPU TepMmiu-
Horo Bianany ~500 °C. Ha puc. 2.49 306paxeHi eKCnepuMeHTaibHi 3aiex-
nocti EPC peakuii intepkamopanus xarionamu sitiio Bin crymens
“roCTLOBOrO” HABAHTAKCHHA JUIA BHXIJHONO H JA3ePHO-OMPOMINEHOrO
TiO, (puc. 2.49 a) ra s TiO, nicas Tepmiunoro signany (puc. 2.49 6).
Binstuauumo, wo craitionapuuii norennian niporentioro aiokenay THTaMy,
HEINTepKANLOBAHOTO JiiTieM, cknajac 3,2-3.4 B. [Ticns iwrepkanauii niriem
[PH KOHUCHTPAUIi BIpoBauKeHOro nitilo B Mexax 0,5 < x < 1,5 na 3anex-
nocti EPC Bin x cuocrepiractbes naaro npu E= 3,1 B (puc. 2.49 a). Hesza-
nexcnicth EPC Bif X MOXe CBIMMTH Npo Te, 1O B CHCTEMI “rocnopap”-
“ricts” mMae micue dasosnit nepexia I poay, 10 3yMOBACHAI CUILHOIO
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'~Puc: 2.48. 3mina napaMeTpiB IpaTKM aHaTa3Hol i pyTUIBHOT popM
inTepkansosatoro niporextoro TiO, nicis TepMiqnqro Binany npu
“rocThOBOMY” HaBaHTaxenHi x = 3,5. Kpusa | — 3misa napamerpa
rpaTKM a aHaTasy il pyTHiIy; Kpusa 2 — 3MiHa rapameTpa rparku ¢
aHatasy il pyTHY; KpHBa 3 — 3MiHa KOHUEHTpaLii aHaTa3y i pyTuiy B
JAOCHIHKYBAHOMY 3pa3Ky

)

B3aEMOJI€I0 MK iOHaMu iHTepKaJmHTa i aToMamu JOCHIMKYBaHOrO
MaTepiany 3 yTBODEHHSIM y BKasaHiil cuctemi }laﬂeKOFO nopsmxy Ocrante
03Ha4ae, Wo B JAaHUX KouueHTpauluHux JUISHKAX “rocTbOBOI0” HABAHTA-
KEHHA CﬂlBlLHyKﬂb ABi Q)aau

Ha ocHOBI pe3ynbraTis, OTPHMAHKX i3 BUMIpIiB TeMIepaTypHoi 3a-
nexuocti EPC, 6y po3paxoBani sMiHK eHTPOTIT po3duHEHHS iTio (AS)
B zxocmmcysaunx 3pa3kax. 30kpema, MPH MaanX KOHUEHTPAUisiX BIIPO-
BAIDKEHOTO NiTi1o B MaTpuiio TiO, BenmunHa AS € i1’ €MHOI0. 3pocTanis

108

3.4 -
m 3.2-‘
u '\:'_:ao..
3,04 TR
L
281 ' - -.\“
\ . \
' Y TN mu‘n
26 "",_‘.‘ 26 "lk‘i‘" uw»q
». Fae "’O(x‘o4
L
2,44 ‘.\{"\ 2.4 5 \"
2.2 2 1 2,24 3
T v i T ¥ T T T T l‘ 1 T T T T ¥ T T T T U
00 05 1,0 1.5 20 25 30 35 40 45 50 00 05 0 15 20 25 30 35 40 45 50
X

X
Puc. 2.49. 3anesknicts EPC Bt ctyniens “rocr-oBoro” HapanTaxeRHs
BIPOBAJUKEHOTO NHTIIO B OKCHA THTAHY, OTPHMAHHI NIPOrCHANM
meronom. Kpusa | ~ Buxianuii okcuit; 2 ~ nasepHo-onpOMIHCHHIA OKCHI,

3 — Tepmiunuii signan pu 300 °C; 4 - repmivHnii sixan npu 500 °C;

5 - tepmiununit sianan npy 700 °C; 6 - repmiunuii sipnan npu 900 °C
“rocTpOBOr0” HaBaHTAXEHHS NPHIBOANTL A0 pocty AS, imoBipHo, 3a
paxyHOK 30iiblUeHHS BKAAAY BiJ KOJNMBHUX CTYMNEHIB BUILHOCTI iHTep-
kanaura. Hemonorounul xapaxtep sanexuocti AS min x npu x> 1,5,
OYEBUHO, COPUUMHEHUIT 3MIHOID €NEKTPOHHOT I'YCTHMHH CTaHiB noGiu3y
JIHA 30HH TPOBIIHOCTI,

V rabnuui 2.11 nogadi nMTOMI 3HAUCHHS €MHOCTI H eHeprii enexr-
POXIMIYHUX JKepelt XUBJICHHS, CHOPMOBAHUX HA OCHOBI LOCIIPKYBAHOTO
JUOKCUIY TUTaHY.

Tabauys 2.11
XapakTepucTHKH ENEKTPOXIMIYHUX JUKEped CTPYMY, cHOpPMOBAHUX Ha
OCHOB1 [IOKCHIY THTaHY, MOJH(DIKOBAHOIO TEPMIUHHM BIJANAJIOM i
; na;cpnuM OTIPOMIHCHH M

Crynisb [uroma  Tliroma

Ne s/n BITPOBASKEHHS, CMHICTB, eHepris,

L XL ATOWRE | BTrOMKT
TiO, nonix_pucraniq}mﬁ | 335 950

(TeopeTHUHI PO3PAXYHKHM) - o
TiO, (Buxinnuit) 38 1020 1 2455
TiO, (onpomiHenuit) 3.5 950 2400
TiO, (300°C) 35 940 o 2260
Ti0O, (500°C) 4.5 l” 10 2910
TiO, (700°C) 3.4 ()I S 2200
TiO: (900°C) 32 g0 T T om0
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Ak sugHo 3 rtabnuui 2.11, MakcuManbHo MOMXKIAWBE “‘rocThone”
HaBaHTaxeHHs niriio cravosuth X =4,5 ansg TiO, aicns TepmidHoOro
sianany npu 500 °C. Jdns nopigusuus B 1abmuui 2.12 HaBeneHa nuroma
€HEpris BiOMHUX i3 JITEpaTypu XIMIYHMX JDKEPES CTPYMY.

Tabnuys 2.12
TluToma eHepris XiMIYHHX [DKEPEN CTPYMY, SIKI BUITYCKAIOThCS
TIPOMHCIIOBICTIO

Enexrpoximiuna cucrema ITuroma enepris, Brroa/kr
Li/ V,0s 200
Li/ CuQ 275 B
Li/TiS, 500 B
Li/ SOClL, 650
Li/(CF), 650
Li/ VO 800
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Posaia 111
HEPCHEKTUBU BUKOPUCTAHHS HU3LKOPO3IMIPHNX
MATEPIAJIB B EJEKTPOXIMIYHUX CUCTEMAX
I'EHEPY BAHHSI EJIEKTPUYHOI EHEPT 1T

§ 3.1. Karoani maTepiajin Ha OCHOBI CHHTCTHYHHX LEOJiTiB

Cunternuni neositu (3araibia opmyna acriaparoBanoil Qasn sKux
Na, [Al,Sigs.cO192], 1€ 1 < 27) smasioTh coboro HOPHCTI KpucTastivui Tina,
10 BOJOALIOTH YNOPAAKOBAHOIO CHCTCMOIO BUIBHUX KaHAMB I OPOKHUH
i3 posmipamu Bin 0,3 no 10 uM. 3aBasky cBOTM diznkKo-XiMiYHUM Bllac-
TUBOCTAM BOHHU BHABWJINCS NEPCNEKTUBHUMH Marepianamu ans iX npax-
THYHOIO BUKOPUCTAHHA B AKOCTI KaTajizaTopis i axcopbentis [139, 140].
3aszHayena CTpYKTypHa OCOOJMBICTL LIECONITIB YKa3sye€ Ha MOXJHBICTh
uinecnpsMoBaHO! 3MiHM X BHUXiJHOI ATOMHO-MOJICKYIPHOI CTPYKTYpH
METOJaMH IHTEpKAMSIUIHHUX HAHOTEXHOAOTIH 3aBISIKM HASIBHOCTI BinIlo-
BIZAHKX “rOCTLOBUX” NO3HUILIH, @ OTXKE, a6 MOXKJIMBICTb BIAKPUTH LIMPOKY
MEPCNEKTUBY X BMKOPUCTAHHS B SIKOCTI KATOAHUX Matepiaiis s jiTie-
BUX JXKEpEN CTPYMY 3 iHTepKaNAUiHHUM MEXaHIZMOM CTPYMOY TBOPEHH,

Hamu nans nposefenus jpocnijkenb 6yinn subpani cHHTETHUHI
ueonitu ZSM-5, HY (doxazut) ta tutrano-cunikatanit (TC) ueonir,
CTPYKTYpa SAKHX Halbijbll MOBHO BIANOBIZAC YMOBAM €NeKTPOXIMiuHOT
iHTepKansuii.

CunreTnunnii ueonit ZSM-5 cunresysascs riipoTepMalibHUM METO-
JOM i3 3aCTOCYBAHHAM TEMINATY — TETPANPONIIAMOHIIO GPOMUCTOTO 3 asto-
MOKpemHe3eMy (anomMoaepocuiy) i3 Bmictom Al,O5 4 mac. %. Bin kpucra-
Ni3yeThes B poMOIUHiH CHHIOHIT, NapaMeTpy eJIeMEeHTAapHOT KOMIPKH CTaHOB-
nare a=20,1 A, b=199A i ¢=134A, crpykrypuuit Tun P, [141].
Kapkac neonity yTBOpeHHH CHCTEMOIO KaHaliB, NIPAMHX Ta 3UI3ArOBHIHHX,
siki Mk coBoto nepecikaiotsest. JfocTyn 1o uux kaHanis oGMexcHHI BikHa-
MH, noOyoBaHumu 3 10 3B’s3aHNX OMH 3 oxHuM TeTpacapis (Al, Si)O,.
Peanbhnii posMip BikOH cTaHOBMTL 5,6-5,8 A incampunit - 6 A. Po3mip
yacTok ueoity ZSM-5 cknajas, y cepesHbomy, 34 MM (IIMTOMa MOBEPX-
Hsi 400 M/r, BisbHHUiE 06°eM 0,32 em’/em’). Cissinnoienns Si/ Al = 13.

Lieonit HY abo doxasur cunrtesoBandii cuilikatiuM metonom Ges
3aCTOCYBAHHA 4BTOKMABY Ha ocHOBI piakoro ckaa. Turosa d¢opmyna
Na,O-ALO;34,8 Si0,-8,9 H,O. Lleit neosit Bonoaic peryaspHoio 1opuc-
TOI0 KyOIYHOO CTPYKTYporo (ctpyktypuuil tun Fy 1/m -3 2/m) 3 napa-
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MeTpom enemenTaphol komipku a = 24,7 A [142]. Posmip Bikon 7,4 A y
12-unennux kinbusax ta 22 A — B 6-unennux. Posmip wactok ueonity HY
¢TaHoBuB 2 — 3 MkM, BUIbHMI 00’eM cknapas 0,48 CM3/CM3, nUToMa
nosepxHs — 480 MZ/r, cnissigHomenus Si/ Al = 2,5.

Hns oTpuMaHHS THTAHO-CUJTIKATHOTO LEOJIITY BUKOPUCTOBYBAJH
peakuiliHy cyMilll, ika MiCTHJIa CYMILI OKCHAY KPEMHIIO Ta OKCHAY THTaHy
(Ras1 UBOro 3acCTOCOBYBAJM THTAHOBMICHHMI acpOCHII i3 MOJISIDHHM CHiB-
pigHomeHHsmM  Si0O,/ TiO, = 18), rixpokcus TeTpanpomnijaMoOHil0 Ta
JucTuanoBady Boay [143). o 47,96 r 1M po3uuHy TeTpanponinaMoHiro
rigpokcupy (TTIA — OH) nopasanu 48,1 r Boau. B ogepxanuii posuun
BBOAMIM 13,93 r TUTaHaepocuy 3 BMICTOM THTaHy B MEpepaxyHKy Ha
TiO, 6,86 % #i perenbHO nepeMillyBan¥ APOTArOM 5 XB 3a JOMOMOIOI0
naBoparopHoi Miwankn B pexumi 1000 06./x8. TToTiM cymim y ¢ropo-
[AaCTOBOMY KOHTEHHepi CTraBMIM B ABTOK/AB i3 HepkaBio4oi craji #
HarpiBanu npotsaroM 6 rog npu temneparypi 170 °C. YrBopeHuil npopykr
OXOJIOLKYBAM IO KiMHATHOT TeMnepaTypu i NpoOMHUBalH Ha HAEpPOBOMY
GinbTpi BOAOK O HeHTpaisbHOI peakuii MPOMUBHUX BOA. BucyiyBanHs
npopojunocs npu temneparypi 100-110 °C 3 HacTynHHM TpOXKaprOBaH-
HaM nipu Temnepatypi 550 °C npotsiroM 6 rox B enekrponedi CHOJI-3.
TC-neonitT € CTPYKTYpPHUM aHaNOrOM LeoJlity ZSM-5, B sxoMy atomu
AMOMIHIIO 3aMILIEHO aTOMaMHd TUTaHy. Po3mip 4aCTMHOK CHHTE30BaHOrO
UEONITY CTAHOBMB 2—3 MKM, MHTOMa noBepXHs — 550 M/r, po3MipH

EPC, B

CTPYKTYPHHX KaHanis — 5,6+5,9 A. 124 r R ——— 2
Enextpoximiuna intepkansuis (EI) ionis nitito B gocnimkysauni ma- e 02 o o8 08 "
Tepianu 3AIHCHIOBANACS B TPHOXENEKTPOAHHX CKJISHUX KOMIpKax i3 pos- 304

JiJIeHMM KaTOZHUM | aHOJIHMM MPOCTOPOM Yy raibBaHOCTATHYHHX YMOBAX. 28
“Ha puc. 3.1 (a-8B) 300paxeno sanexwnocti 3mind edeprii I'i66ca
peakuii iHTepKanIOBaHHS KaTiOHaMH JITIIO Ta AudepeHuiaibLHOT eMHOCTI

28+

244

Bi/l CTYHEHS “rOCTLOBOro” HaBaHTaXKeHHs. JIs BCiX LEONiTIB XapakTepHe m
YTBOpPEHHS 0€3MepepBHOTO PAAY HECTEXIOMETPUYHHUX (a3 BNPOBAIKEHHS o ]
Ha BCilt Jpociifkenii xoHueHTpauiitnili x-oci. Ilpore makcumanbHuit w20
CTYNiHL “TOCTBOBOr0” HABaHTaXeHHA TpH pospani a0 1,4 B nomithHo 18
Butiui ans TC-ueonity. IlikaBo BiAMITHTH, WO 36UIbLIEHHA PO3MIpY 16
BIKOH y aJIOMOCHJIIKATHHUX LEOJITaX MPUBOAUTDL A0 ¢1abulol 3anexHocTi 144
aMinn BinbHO! eHeprii ['iG6ca AG Bin x B ychomy intepsani 0 <x <1, a A
3HAYUTH i 3a0e3neuye Oinbily po3psaHy NUTOMY CHEPTio, X
. . Ox Puc. 3.1. Enexrpopywiiia cuna va indepenitianibHa eMHICTD 8K §yHKIET
HasiBHi Ha QyHKUiOHANLHUX 3aNEKHOCTAX OE =ftx) makcumymu, 3 CTYMEHS HTEpPKANALUT BIPOBAKCHOrO MTiHO B ucofitu ZSM-5 (a),
BpaxyBaHHAM BUrasLy Qywkuii AS(x) (puc. 3.2 a) st ueonitis ZSM-5 i HY, HY (6) ra TC-ueonir (8)
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BifoOpaxcaioTs He dazosi nepexomu Il pogy sk ans TC-ueoniry
(puc. 3.2 6), a BKa3yloTh HA MOMUIMBICTL HEXTYBAHHA B intepkanati Li,HY
B3aeMoniAmMu “ricte”-“ricts” Ta “ricth”™-“rocnonap”. 3meHuweHns po3-
MIpY BIKOH, AKi OOMEXYIOTb AOCTYN HO “rOCTHOBHX” KaHANB y ZSM-5,
NPHBOAMTE 0 TOTO, IO MIACHCTEMY iHTEPKAJSHTY BXKE HE MOXHA OMU-
CYBAaTH BiNbHUM I'DATKOBHUM Ia3oM, a HEOOXigHO BPaXOBYBATH B3aEMOAII,

P

AK e poGuThea B Monensx Apmana [144] un Ozyky {145].

<

ds, Jhe/(monu*K)
- 200
3004
4 100
40
250
- -100
200 4 - -200
4 -300
150+ -1 -400
{500
100+ 4 -600
T T T T H M T T T 1 -700
o0 a1 02 03 04 05 06
800 - X
6
600
400
X
Y 200 4
=
§
FES
Y 2004
x )
}"///a
-400 ., o
»,\\»FM_ <«
-600.. Ty T T T LIS | LI |

T T T
01 00 01 02 63 04 05 06 07 08 08 10 11

Puc. 3.2. 3mina entponii npu inTepkansuii nitiio B HEONIT B 3aNEKHOCT]
Bif CTYTNEHA “rOCThOBOr0” HaBaHTAKEHHA npu 25°C:

a~ZSM -5 (1) ra HY (2); 6 - TC - ueonir
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Iopisriooun Temitepatypii 3a1eKHOCT] 3Mi edTPONIi po3UMHEH-
st JUTHO I8 aIOMOCHIIKATHHX UeONITIB (puc. 3.3 a, 6), moxua aifiti

A4S, Docimorn K

A48, Twe/moas K

48, druc/mors K

. SiO . . .
BHCHOBKY, O 3pOCTaHH A BIAHOIUCHHS k = ]7)2 BS PasiB, 3MIHIOC HaA [1PO-
107 : :
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0 [N I e = ]
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-400- /
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Puc. 3.3. Temnepatypui 3anexuocti sminu entponii npu inrepkansuii
JTio B ueoniti: a - LiyZSM-5 npu x = 0 (1) Tax = 0,44 (2);
6~ Li,HY npnx =0 (1), x = 0,15 (2) rta x = 0,58 (3);

8~ LL,TC npux ~ 0 (1) ra x = 0,66 (2)
s



THIeXKHHE xapakrep QyHiudi AS(T), sikuil 18 oxazuty ¢ HEMOHOTOH-
HUM 1ipu x ~ 0, i He 3aneKuTh BijL Temneparypu upu x > 0,15, Jlnst Turano-
CHJIIKATHOIO UeoiTy noseninka dynkuii AS(7) (puc. 3.3 B) aewo Haranye
noseninky, Bracrusy ans Li,HY, xou y rtoit e uac Bona 3acBiIUyE npo
Giibluni  cTyninb  ynopamxosasocti posumy Li,TC npu x>025 y
BCbOMY (+20 ~ +50°C) TemneparypHoMmy iHTepsali.

Turanoso-kpemuicsuit  (TC) weosit, orpumanuii  pigkodazHum
METOJIOM, 3FIJIHO 3 PE3yAbTaTaMi PEHTIEHOAM(DPAKTOMETPUYHNX JOCHI-
JUKEHb, BOJIOAIE OPTOPOMOIYHUM TUIIOM KPHUCTANOCTPYKTYPHOIO BOPS -
KyBaHHs (TpocToposa rpyna cumetpil Py,.,). [lopisusno uusbka cumerpis
eNeMeHTapHOT KOMipKH, Ha 06’eM sKof (= 5360 A%) npunazgac 288 aromis,
O 3aiMatOTh 38 KPUCTANINHO HECKBIBAICHTHHX MO3UUIH, 3yMOBIIOE MO-
Ay 6iu3bko 2000 nudpakuiinux pedexcis. Biabusanus 3 MakcHMaNb-
HOIO IHTEHCHBHICTIO 30Cepe/DKeHi B AiaHUi kyTiB 20-32°, W0 He A03BO-
JII€ OTPUMATH NPELM3IHT 3HAYEHHS CTANHX IPATOK MATPUYHOT CTPYKTYpPH.
Enektpoximiwie Buposajxenus nitiio B crpykrypy TC-ueonity nepen-
Gavae BUKOPUCTAHHS B KOCTI KOMIIOHEHTA KATOJHOTO MaTepiany CTPyMo-
MPOBIAHOT HobaBKu (PeHTreHOaMOPGHHOI AUETHACHOBOT CaXi), IO NPUBO-
AHMTB [0 TIOSIBU Ha AudpakTorpamax Judy3HOro raio B KyToBOMY JiianasoHi
15-30° (puc. 3.4). Tlpu cryneni “roctboBoro” uasantaxesHs x ~ 0,3 ua
mudpakrorpami TC-ueoniTy 3’sBAAOTBCS NOAATKOBI MiHil KpuCTamidHoi
dba3su BUCOKOT IPOCTOPOBOT CUMETPIT, AKA 32 pe3ybTaTaMi IHAMLIIOBAHHS
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l Ni
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Puc. 3.4. Perrrenienki audpakniiini cnekrpu TC-neonity npu piznux
CTYNEHAX IHTEepKasALLT
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Ta PITBENbAIBCLKOrO ananizy Bussusacs kybiunow (Fm-3m). 3paxaroun
Ha BUULY MOPIBHAHO 3 KPEMHIEM XiMiYHY aKTMBHICTL THTaHy 1 TOH (akT,
o came BBCACHHS NIOKCHAY TMTaHy B CKJIaJ peakuiiinoi cymiwi mpu
cunresi TC-ueonity 3miHioe xapakrep 3minu kpuBoi E(x), MoOxHa
CTBEp/LKyBaTH, WO Qopmysanis HoBOi (asn BiAGyBacTbCs caMe B pe-
3YNIbTATi B3aEMOAIT XiMiUHO AKTHBHOIO iHTEPKAIAHTA 3 TUTAHOM Ta KHCHEM
KpucTanivHoi rpatku ueonity. ®opMysanus Hosoi ¢azn Li(Si Ti),0y.4
SIK Le CMOCTepiranocs npu inTepkansuii anarasy [146], iimosipuo, Binby-
BacTbeA 3 nossoio Ti’'. 3apsgosa KomneHcauis 3aificHioeTses | 3a paxy-
HOK BBEJICHHA JOJaTKOBUX aHIOHHWUX BaKaHCili, HASBHICTh SIKUX YPaxoBye
napamerp O. llpucyTicts Ha gudppakrorpamax Tinbky MikiB, WO BiAno-
BiJAIOTh KyOiuHil cumerpii HOBOYTBOpeHOi (asu, Ta BiscyTHiCTb Haa-
CTPYKTYPHHMX BiaOWBaHb HO3BONSIOTH CTBEPMKYBATH, WO iOHH JITIHO W
TUTaHY XAOTHYHUM YMHOM 3aliMAIOTh OKTACAPHYHI NOPOXKHUHHU, yTROPEH]
{OHaMM KHCHIO, Aiki (OPMYIOTb KyGiuHy rpaHeueHTpOBaHY rpaTKy THILY
NaCl. Bigsocuuii BMmict ¢asu Li(Si Ti);4Os.5 B npunoBepxHesiit 3oi
KaTOAa MOHOTOHHO 3pocTac 3i 36iNbIUCHHAM CTYnNeHs “TOCTHOBOrQ”
HaBaHTaxeHHs. Takum unnom, BrpoBajkenHs ioHiB Li' y marpuuny
crpyktypy TC-ueonity npu 3uadennsx x <0,3 cynpoBomxKyeTbCs 3poc-
TaHHAM napameTpis opropoMbiunol rpatkn TC-ueonity Ha nouatkoBomy
eTani iHTEpPKaNioBaHHA 3 NOAANBLIOIO iX HE3MIHHICTIO B MeXax Moxubiu
BUMIpIoBaHhk (puc. 3.5). CrnocTepiracteCst CKAAAHA 3aNEUHICTh napamerpa

20.15 4 g
20.10 -} L
2005+ o
20.00 b
19.95 4 O Qe Oy O
19904 7
19.85 %
13.44 4
13.42 . “‘ . ,n o
13.40 -
13.38 4
13.36 4
13.34 . . . i . , v i
0.0 02 04 06 08 1.0 1.2 1.4
xeTC

s C

Puc. 3.5. 3anexuicrs cramux rparku TC-neonity sin
CTyNeHs “rocThOBOIO™ HABAHTAXKCHHS
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KyOiunol rparku dazu Li(Si Ti); 0,5 Big x i3 piskuM cnmafoM Ha 110-
4aTKOBiH cTagii BIpOBaJDKECHHS Ta MOAANBILOK TEHAEHLICO 10 3pOCTaH-
us. Ha nporusary B poboti [147] cnocrepiranocs 3MmeHueHHs 00’emy
rpatku cronyk tuny Li,Me; O;, oTpuMaHix MeTOAOM MEXaHOXiMidHOro
CHHTE3Y, NpH 30IABIIEHH] X, 1O HE MOXE MOSICHIOBATHCS TiBKH MEOMeT-
puunumMH (axtopamu (iouni pamiycu Li° Ta Ti**, TP Gauseki mik
cobo10).

CurreTuuHud ueonit tuny ZSM-5, anasoriyHo po TC-ueouity,
BOJIOJIiE€ OPTOPOMOIYHOIO cuMeTpicto (rIpocTopoBa rpyna Poy,). [Tapamer-
PH eneMeHTapHO! KOMIPKHM BUXIJHOTO 3paska cTaHoBATh: a = 20,143 A,
b=19,982 Aic=13,481 A, 1110 y3roKyeThCs 3 periaMeHTHHMHU JAHUMHU
[141]. 3pocTanHs KinbKocTi BipoBamkenux ioHis Li’, ak i y sunagky TC-
HEeONiTY, MPH3BOAUTH A0 MosBu nipu x = 0,2 ky6Giunoi ¢aszu BNpoBaspKeHHs
(puc. 3.6), ctana rpatku sKoi cTaHoBHTHL 4,040 £ 0,002 A, To610 € Ayxe
6mzpkoto o napamerpa rpatki dasu Li(Si Ti).,00s el daxt € mewmo
HECTO/liBAHUM, YPaXOBYIOUH, L0 MOPSL i3 JNiTieM HOBOYTBOpEHa daza B
‘igTepkanpoBanomMy ZSM-5 dopmyerscs karioHamn AP’* ta, moxiugo,
Si*, npore 6GMM3BKICTE CTPYKTYPHHX napametpiB cnoyk tuny Li,Me, O,
BX€ BiA3Ha4anacs asTopamu [148].

!
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Puc. 3.6. Peutresiscoki qudpaxuiiini cnektpu ueodity ZSM-5 npu
Pi3HUX CTYHEHAX IHTEepKamALil
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IlopiusnpHuit ananis 3min cranux rpatok TC-ueonity (puc. 3.5) Ta
ZSM-5 (puc. 3.7) npu 3pOCTanHi X BHABUB PSJ XapaKTEPHHX BiJMiH-
Hocted. TenaeHLis A0 30inbIIeHHs 06’eMy €/eMEHTapHOI KOMipKH MpH
3pocTaHHi x, NPAaKTH4HO He crnocrepexysana s TC npu x> 0,2, 4iTko
BUpaXeHa npu iHTepkamauii ZSM-5. TakuM uMHOM, 3MiHa mapamerpis
TpaTKd KaToOAHOIO Marepiajly BiaOyBacThCs HE THIbKM HA TOYATKOBiH
crafii iHTepkanauii, ane npoxoBxyeTbes i Micas GopMyeaHHs KyGiunoi
(a3u BIPOBaKEHHS.
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x e ZSM-5
Puc. 3.7. 3anexuicts cTanux rparku ueonity ZSM-5
Bill CTyNeHsA “rOCTHOBOrG” HABAHTAXKEHHN

Ha BinMminy sin opropombiunux TC ta ZSM-5 ueositis doxasut
HY Bononie kyGinow cumerpieto (npocroposa rpyna Fy 1/m - 3 2/m).
Ilpore ckiafHicTs CTPYKTYpPH 3yMOBIOE TOR (aKT, 1O HA eleMEeHTapHY
KyOiuHy rpaTky BHXiHOTO KaTOJAHOrO MaTepialy 3 [apaMeTPOM
a=24,777+ 0,004 A npunanac 604 ionu (188 karionis kpeMriio i amomi-
Hit0 Ta 416 KHCHEBHX aHIOHIB), AKi 3aiiMaIOTh 7 HEEKBIBANICHTHUX TO3KLLiH
B KpUCTani4Hii rpatui. 3aBAsxy BiAKPUTIH KaHANBHO-NOPUCTIH CTPYKTYpI
ueonit HY BUKOPHCTOBYEThCA B AKOCTi MOJNEKYJIADHMX CHT Y XiMiuiil
NpoMHCIOBOCT. IIpoxaproBaHHs CHHTE30BAHOIO CUJIIKATHUM METOHOM
HY npu Ttemneparypi 200°C mnpakTHYHO BHKIIOMAE MONIMBICTD
HasBHOCTI B [1OpaxX CTPYKTYpPH KPHCTANIUHO-38’A3aHOT BOJM.

PeHTreHOANPPaKTOMETPHYHI JOCHIZKEHHS APOLECY eNeKTpoXiMiu-
Horo BmposajukeHHs iowie Li' B crpyktypy HY (pmc.3.8) Bussaum
CTPYKTYPHO-(a30Bi NEPETBOPEHHS, aHANOTIYHI [0 CHOCTEpPEXyRaHMX
HaM¥ 0713 IHWHMX kpeMHieBMicHux cnonyk. KyGiuna ¢asa snposamkenHs
Lix(Al 8i);O25 3i cTpyKTypHUM THIOM ynopsaxysanus tiny NaCl, sx i
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ApH iHTEepKanslii opTopoMOGiYHHX UEONITIB, 3’SBAAETHCS B MPUIIOBEPX-
HeBil JUIAHLI YACTHMHOK aKTHBHOIO MaTepiany Katofa npu x < 0,2, msuji-
KO 30iNBUIYETHCS MPH 3POCTAHHI X i MOXe CTaHOBUTH J0 70 % Bixg macu
karoja. Ilapamerp rpatiu uiei $azu MOHOTOHHO 3pOCTaE 3i 36iNbILEHHAM
xinbkocti iowis Li‘, wo nepenocuthcs uepes emektponit. IIpu upoMy
CrocTepiracThesl TEHACHUIS, sika XapakrepHa 1t TC-ueosity mpu x > 0,3.

HY
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Puc. 3.8. Penrrenisebki nudpaxuiitai cnexrpu ueostity HY npu pisnux
CTYNeHsX inTepKansiii

lMpocriwa 3a cumeTpiero, NOPIBHAHO 3 OPTOPOMBIYHUMH LEOTITAMM,
KyGiuna ctpykrypa HY nos3Bonuna orpumatn npeunsilivi 3Ha4eHHs 3MiH
cranoi rpatky HY 3i 36ib1enHsM niTieBOro “rocTb0BOro” HaBaHTaXKEHHS
(puc. 3.9). MonoTonre 3pocTanHs 00’e€My KyGidHOI rpatku (oxasuty
Bi/ITBOPIOE 3aKOHOMIPHOCTI, BUSIBJIEHI HAMU NpH iHTepkanauii ZSM-5.

- Y3arajpHIOIOYH OTPUMaHi [aHi, MOXHA CTBEPIXKYBATH, IO OCHOBHY
poib y popMyBaHHi KyOiuHHX (a3 BIPOBAIKEHHS ISt BCIX AOCHIPKEHUX
KPeMHi€BMICHHX PEYOBHH Biflirpac KOOPAHHYIOYA B3a€MOJAIA iOHIB MiTiIO
MiX CcO0OI0 Ta KHMCHEM KaTONHOIO Marepiany, B pe3yibTari uoro
dopmylOTECS aHiOHHI KOOpAMHALiHHI OKTaeApH, HesiKi 3 SKMX MOXYThb
samintyBatics katiomamu AP, Si*', Ti**. Llikasowo ocobnusicTo,
BHSABJIEHOIO NpH inTepkansauii ky6idunoro HY, € nossa B iurepsaii
0,440 <x <0,569 opropombiunoi ¢asu LiAlSiO4 (mpocroposa rpyna
cumerpii Pna2,).
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Puc. 3.9. 3mina napamerpa rpatku ueonity HY sig crynens
“rocTb0BOr0” HaBaHTaXKEHHs

§ 3.2. KineTnka npouecy enekrpoxiMianor inTepkanauii yeoniris
ionamn Jiriro

Braus konuenTpauii BnposamkeHoro nitiic B NOPOXKHUHYM  Ta
kaHamy ZOCITI JKYBaHHX LeoniTiB Ha KiHETHHHI nNapamerpu mpouecy
IHTCPKANIOBAHHS JI0CAIKYBABCS METOAOM iMIEJAHCHOI CNEKTPOCKOIi
[149]. Onepxani niarpamu Haiiksicra ans ueonity ZSM-5 BuABAAIOTH
NETIII0 y BHCOKOYACTOTHIM Ainsanui (0,5-10° ') i npAMY JiHIIO i KyTOM
65M3bK0 45° y NINSHLI HU3BKUX HacTOT 10'2—0,5 I'n, mo e Tunosum ans
npouecy inTepkamoanHs [150] (puc. 3.10).

4.0

3.5K 4
3.0K 4

€ 25K~
0 - experiment, — - model

k)

-~ 20K

R
1.5
1.0 -
0.5

0
¢

4.0K

Puc. 3.10. IMnenancui sanexuocti Li,ZSM-5 s x = 0,96
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Haseneni excnepuMeHTanbHi Hani ans ueoxiry ZSM-5 nobpe
MOJIEIIIOITECA eKBiBalleHTHOW cxeMmolo Penanca—-Epunepa (puc. 3.11).

Ca
Ry =

NS

Rct W
Puc. 3.11. ExsiBaneHTHa cxema 1y enexrpoais Li,ZSM-5

Koedinientu BapOypra o Busuauamuch SK TAaHFEHCH KyTa Haxuny

. iy . N IY 312). Toni

ApAMONIHIHHUX [iNAHOK 3anexHocred Z - (puc. 3.12). Tounui,
BHKOPHCTOBYIOUH PiBHAHHA

v, OF
7= wFepy” [ o (3.1)

e x — cTymiHb iHTepkansuii, V,,— cepeaHe apudMeTH4HEe MONAPHUX
00’eMiB  HeiHTepKanLOBaHOI Ta iHTepKajdboBaHO! Matpumi, FEy

PIBHOBROXHHH €NEKTPONHMH MOTEHUiam IHTEpKanboBaHOI a3k, n Jis
nitiro popiruoe 1, D — xoedinient audysii nxitiro [151], moxHa 3ualitu
yucnosi 3HayeHds D. Omip crazii nepeHeceHHs 3apsgy BH3HAauyaBcs B

aBTOMATHYHOMY PEKHMi 3a JONOMOrOI0 IHCTajJIbOBAHO! KOMIT IOTePHOT

nporpamu. [Toxubka BumiproBanHs cknagana 4-7 %.

2000 e T 2

8000 .-
7000 - B

6000 P

5000 -

Z, Om

4000 -

. 3000 - &

wo] §

1000 -}

Puc. 3.12. 3anexuicts Z' = f(0 %) ana Li, ZSM-5 npu x = 0,96:
1'— ekCIepIMEHTANEHA KPUBA; 2 — MOJIEN b
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3a/IeKHOCTI OCHOBHHUX KiHETHHHMX TIapaMeTpiB — OMOPY CTajil nepeHe-
CeHHs 3apany R Ta koedinienta audysii D — npouecy JitieBoro intepka-
JIOBaHHS A7 ueontity ZSM-5 MatoTh CKnaHui XapakTep y ginsuui 0 <x < 1
(puc. 3.13). Ha nouarky nocnijpkeHoi AiNsSHKM 110 x 007 BifOyBa€ThCA
3pocranHst koeiuienta audysii airiio mo 1,02-10 ' em¥ec npy Mmaibke
nocriiiHoMmy 3Hauenni Ry Y aismui O 077 <x<0,32 cnocrepiracrsca
3MEHLUEHHA umnmcocn mudysii 10 D=3,2-10" cM’/c i 36inbienns Ry mo
4913 Om-cM’, TOBTO BinByBacTbCA MOripUIEHHS TONOBHUX KiHETHYHUX
napamerpis npouecy. B inrtepsani 0,32 <x<064 CHOCTEPIracThCs
30iNbLICHHS msumcocn audysii o D= 1-10° oM /c, a R 3MeHIyeThCH
no 4215 OM -eM? npn x=0,44 i pocte Ha mpomikky 0,44 <x <0,52 no
6095 Om-cm>. Llikaso 3ayBaXHTH, Wo npu 0,64 <x <1 BinGysaerbcs ak
3MeHUWIeHHs  koediuieHtis anudysii, Tak i 3Menienus onopy craaii
NepeHeceHts 3apsay, To6To A BUTA/IKY KiHETHKH 3i cninbHuM audy-
3i{HO-KIHETMYHHM KOHTpONEM nNoripwieHHs Audysil KoMneHcyeTbes, B
NeBHii Mipi, 3MeHIIeHHAM Onopy cTaail nepeHeceH s 3apsiy.

R, ,Omcm’

] \‘\/ 110

4000 -
3000 4

2000

T T v T 4 T T Y

0,0 0.2 04 6.6 0.8 1.0
x 8 ZSM-5

Puc. 3.13. 3anexuicte onopy craaii nepenecenus 3apany ta
xoediuienta nudysii nitiro BiA cTynend nitieBoro “rocrroBoro”
HaBaHTaxeHHs B Li,ZSM-5

Hpouec enexrpoximiynoi iHTEpKanauii ioniB AiTiIO B CHHTETHYHMI
ueonit HY, na Biaminy sin ueonity ZSM-5, yxe He MOXHa OnmuCyBaTH
eKBiBAJICHTHOIO cxemoto Penpica — Epuwuiepa. Y upoMmy BHRagky mns
MOJIE/IOBAaHHA OTPUMaHKX aiarpam Haiikeicra (puc. 3.14) emnicrbs no-
ABIHHOrO eneKTpUUHOro mwapy Cy 3aMiHIOETHCS €IEMEHTOM NOCTiHHOT ta-
3u CPE. 3HauenHs eKCNOHEHUIaNbHOrO MHOXHMKA # TpPH 3pOCTaHHI
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CTyneHs iuTepkanauii x sHaxozgunocs B Mexax 0,79 + 0,66 (nmoxuGka
BUMIpIOBaHHs He nepesuilyBana 4,5 %). Tlpu x > 0,82 npouec Brposa-
HxeHHsl ioHiB JiTiro onucyeTbes Re (Cy [Rey W]) ~ cxemoro.

4500+
4000+
3500 4
30004
25004
2000 4

1500

-imZ, Omem?

1000 4

T T ¥ T L T T T ¥
0 500 1000 1500 2000 2500 3000 3500 4000
Re Z, Omcm?®

Puc. 3.14. ImnenancHi sanexsocti Li,HY: 1 -x=0;2 — x = 0,386;
3-x=0,772

YpaxoByioun Te, W0 PO3MIp BIKOH, IO OGMEXYIOTh AOCTYN 10
CTPYKTYpHHX kaHanis, ans ueonity HY e 6inbwmm y nopiusHEi 3
neonitom ZSM-5, cnifi odikyBaTH mociaGieHHS BIIMBY Ha KiHETH4Hi
NapaMeTpH B3aeMOAIH “ricTb”—“ricTs” Ta “ricts”—“rocnomap”. 3rigHo 3
OTPUMAHHMHM pe3yNbTaTaMM omip cTragii nepeHeceHHs 3apsagy Ry s
matepiany HY npubmmsno y 2-3 pasu menumii, mix a1s ZSM-5,
iHTepBani 3HaYeHb “rocTeoBoro” HasanTaxenHs 0,2 <x <0,8. Kpim
LBOTO, 3ANENHICTE Re - x y Bunaaky doxasury (puc. 3.15) B aesxii mipi
Harajye Xif uiei x xpusoi aus ZSM-5 (puc. 3.15), nporte abcomoTHi
3MIHH He Tak 4iTko Bupaxewi. Ha nouarkosiit cragii npouecy
inTepkansauii (x <0,25) crnocrepiraeTbCsi 5-KpaTHe 3pOCTAHHA BENUYMHH
Ry y nopiBHSHHI 3 BHXiIHHM Matepianom. XapakTepHOIO 0COGIHBICTIO €
NpaKTHYHA HE3MIHHICTh Benuunam Ry npu x = 0,25 + 0,5.

3pocTanHIO onopy CTaflil MepeHeceHHs 3apaay Ha MOYaTKOBIH cTaxii
iHTepKansUii BiANOBiac 3MeHweHHs Koediuienta mudysii ioHiB mitino
(puc. 3.15). B okoni x ~ 0,35 3anexuicts Ig D —x mae 4iTko BUpaxeHuil
MiniMym, gms sxoro D=1,6-103cv?*c!. B inTepBani 3HavyeHb
x=0,55+0,75 intepkansauis nitito BiaGyBaethca 6e3 CyTTEBOI 3MiHHM
koediuienta nudysii. 3meHiueHHs BenuuuHM D cnocTepiraeThes Ha

124

KiHUeBil cramii inrepkamauii (10 x ~0,9) BHACAIAOK 3aNOBHEHHS BCiX
MONUIMBHX “TOCTHOBHUX” NTO3HLIA.

ot &
; 2500 - +-116 Q
© g
T
4 )

— —®
2000 - "”"*""“‘7[:/ \ — 1118
-
{120
1500
{122
10004

500 1128
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Puc. 3.15. 3anexwuicts onopy cranii nepenecenns 3apsay Ta koegiuienTa
audysii AiTi0 BiA CTYNEHA NITICBOTO “IOCTHOBOIO™ HABAHTAIKEHHS B LiHY

Hiarpamu Haiiksicra, orpumani g TC-ueonity, XxapakrepusyroTbes
HAABHICTIO BUCOKOYACTOTHOIO MiBKOJIA Ta TPSIMOT JIiHIT B HU3bKOYACTOTHIM
Ainsuui (puc. 3.16), wo cBiguMTh HPo YiTKO BUpaxeuuid pudysikino-
KIHETHYHKA Xapakrep npouecy iHTepKansuil. Otpumani piarpamu mose-
JmotoTees, sk i ans ueonity HY, moandikoBanow cxemoio Peupnca
Eputiepa na BchoMy nocnipkyBanomy inTepsani 0 < x < 1,25. Excnionen-
WianbH1il MHOXHHK 1, sKuii BpaxoBye §azoBe BiAXUNCHHUS, NEXHTHL y
Mexax 0,77 + 0,65 (noxubka e nepesuutye 3,3 %). 4

6000
5000
4000 ~
3000 -

2000 +

-imZ, Omem’

1000 -

0 2

-1000 T T T e ' Y Ty
0 1000 2000 3000 4000 5000 G000. 7000
Re Z, Om-cm’

Puc. 3.16. IMneaaucHi 3anesxnocti jui Li,TC: 1 - x = 0;
2-x=0460;3-x=02834
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Xapaktep zanexnocti Ry -x pns. TC-ueonity (puc.3.17) € aua-
JOriYHUM [JO [AaHOi 3afexHOCTi, OoTpuMaHof ans o-ksapuy - [152] B
inTepsaii 3HaveHb x = 0 =+ 1,2, BiamiHHicTh nossrae B 6ibUioMy 3HAUCHHI
Re B okosi x~072 (4500 Om-cm’) (ans o-KBAapily BOHA CTAaHOBHMTH
3350 Om-cmz). OaHakoBa noBeAiHKa BKa3aHHUX 3aleKHOCTEN MOXe CBif-
YUTH PO MOAIOHICTL MexaHi3mip iHTepramsauil 10HIB NiTiIO K B Kpem-
He3eMH, TaK i B KpEMHIEBMiCHI OKCHAHI MaTepianu.

9
O 5000+ 1-1408 7
S ' 142
L 45004 A, . 1142
® 4000 1-144
3500 - 1-146
3000 4 1-148
-_ A
2500 \.\ ‘\\ {150
. SN / 52
2000 - \,_"\::& . :
. N {154
1500- AL\*\ &
1000 iea 7156
-
500 A— . y y T v -15.8

0,0 02 04 ) 0?6 ' 0,8 1.0 1.2 1.4
xeTC
Puc. 3.17. 3anexnicts onopy cTanii nepeHeCeHHs 3apsny Ta
koediuicrra audysii sirTito Big crynens jiTieBoro “rocreoBoro”
HaBaHTaxeuus B Li, TC

Ja TC-ueonity CHOCTEPIracThcsi MOHOTOHHE 3MEHIeHHS koedi-
uienta andysil 10MIB JiTiO TIPU 3OUTBLIEHHI CTyNeHs “TOCTHOBOrQ”
HaBanTakenHs. KpiMm toro, snauenus koediuienra audysii D y nanomy
matepiaii, B nopiBHanHi 13 ZSM-5 i HY, € na 1-5 nopsaakis MCHUIISMMHZ. 2110
x ~ 0,58 xoediuvient andysii aMeuuyerses Big 6,47 no 1,16:107" em™c™;
B inTepBai 3HaueHp x = 0,58 + 1,25 D =9,47 + 2,32-10'1(’ CM?‘-C"'.. -

3 TOYKM 30pY MPAKTHYHOrO 3aCTOCYBaHHA AOCHIDKYBAHI 1{COMTH
JAIOTh 3MOTY JOCATaTH 3HA4YCHb MUTOMOI €MHOCTI Ta MMTOMOI eHeprii
(rabn. 3.1) {153, 154], w10 neperuLye BIANOBIHI 3HAYEHHS JUId Biuoyn?(,
HIMPOKO 3aCTOCOBYBAHMX Yy JITIEBMX €AEMEHTAX KATOJHWX MAaTepialis
[1551.

TakuM 4MHOM, 3ICTABACHHSA JAHUX IMIEJAAHCHOI ClieKTpockonii Ta
peHTreHiBebkol AndpakToMeTpii A03BOJKIO BCTAHOBHTH HacTynue. Ipu
3POCTaHHi CTYNeHs “roCThbOBOr0” HaBAHTAXEHHA CHOCTEPIracTbes nossa
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KyOitHOT (a3u Bnposamkenns tuny Li(SiMe) 0,5 (Me=Al>, Ti",
Ti? "), crana TpaTKH  SIKOT JUIs JOCHIKYBAHHX MaTepiaiiB CTAHOBHTD
4,02+4,04 A. Bignocunii Bmict wiel dasu 3pocTae, BHUXOAMTb Ha
HacuueHHst npu 3Gumswenni x i cramosnts 40 mac. % (ans TC) rta
70 mac. % (ans HY). Ochosuy poss y dopMmysanui Hosoi ¢asu Bigirpac
KOOpAMHYIO42 B3a€MOIA MK IOHAMH IHTEPKANAHTA, HACHIAKOM SIKOT €
opmyBaHHs HABKOJIO (OHIB NTIO OKTACAPHYHOTO KHCHEBOTO OTOUYEHHS.
O6’emu KOOpANHAUIAHUX KHCHCBHX OKTAGHPIB KyGivHOT rpaHeneHTpo-
BaHOT IPATKH XAOTHYHO 3aNOBHIOIOTE sik ionu Li', tak i Si* AP, Ti*',
Ti*", Hns TC-ueonity dopmysanns dazn Li,Ti,..Oy.s NPHTIHHACTBCA TIPH
x ~0,75.

Tabruys 3.1
Po3pstHi xapaktepucTHKH enekTpoXiMiunuX KOMIpOK, BUIOTOBJICHMX HA

OCHOBI CHHTETHYHUX LIEONITIB

Marepian | Crynins inTepkansuii, x My m;:;?:’:;;;;“ Con n”mg:_f:;}:( ?x £
ZSM-5 0.95 430 950
HY 0.95 430 1100
TC 1.37 612 1400

[TouarkoBni eran BHpoBalKCHHS NiTIIO  BigoGpaxactses Ha
sanexnoctax lgD-x i Ry-x ans Beix gocmigxysannx matepiaiis
CTpiMKUM cnafom koediuieHta audysii Ta pocrom onopy crauii
nepeHeceH s 3apsay.

Ha sigminy Bin TC-ueonity, kineruuui napaMeTpu  npouecy
Briposamkenns Li' ans ZSM-5 i HY npy x>0,2...0,25 ¢ Ginbw
CKNagHuMH. AktusHe dopmysanis $pas BIPOBAJLKEHHS CYNPOBOJIKYETHCS
NPOAOBKEHHAM NPOUECY BXOKCHHS IHTCPKANAHTA B CTPYKTYPHI KaHalu
KAaTOMHOTO MEPBHHHOIO Marepiany, o BilOGPAKACTHCS 3POCTAHHAM
craaux rparok s HY i ZSM-5 ueonitis. 3anexwocti Ry - x ans obox
Matepianis npn 0,25 <x < (0,65 MAIOTh NPAKTHYHO OAHAKOBHIE Xapakrep i3
MOSIBOK JIOKAJIbHOTO MiHiMyMY Juist x = 0,45-0,55.

Ha sasepwanbiioMy etani inrepkansuii (x > 0,65) CTIOCTEPIraeThes
3araibRa 3aKOHOMIPHICTb 3MenmieHns koedinicnra audysii, ska Gitpin
uiTko BupaxeHa ans ueoniry HY, B sxomy npu x > 0,55 crocTepiracThes
AOJATKOBE 3B’A3YBAHHS IHTEPKANANTA 3 YTBOPEHHAM OKCHAY LiSiAlO,.
[Tporunexui tenpenuii sminn R(x) Ha upoMy etari BIPOBAJDKCHHS AN
HY ra ZSM-5, imogipo, 3yMOBAEHI THM, LIO PO3MIp BXIAHUX BiKOK y HY
(7,4 12 22,8 A) 3Ha4n0 Ginpuii TIOPIBHAHO 3 iX po3mipamu 8 ZSM-5 (5,6
1a 5,8 A).
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§ 3.3. Cunrernununii cHIIKAT Maruiio

HeobxiaHicTh 36iNbILEHHS NUTOMOT EMHOCTI eEKTPOXIMIUHIX JIke-
pen JKMBJIGHHS 3 IHTCPKANAUIMHUM MEXaHI3MOM. CTPYMOYTBOPIOIOUHX
peakuifi akTyafi3yBaja NOUIYK HOBHMX Marepianis, 3MaTHHX e(exTHBHO
abcopOyBaty ioHM Jy’)KHUX MeTanis, 3oxpema nitiio. [epcnekrusHuMi B
UBOMY acHeKTi € CHHTETHYHI CHJIIIKATHI MaTepiay, AKi 3a XiIMiYHUM CKJia-
Jom Ta 6y10BOI0 6AU3LKI 10 TPUPOJAHMX MIHEPAB ~ TaibKy, MOHTMOpPH-
JoHiTy, manuropekity [156]. 3 MeToio nepeBipkd MOXKIMBOCTI 3aCTOCY-
BAHHS TaKUX PEHOBHH B SKOCTI KaTOLHOIO Marepialy HamH NPOBEACHO
KOMIUICKCHE JOCHIKEHHS CTPYKTYPH CHHTETHUHOrO CHIIKATY MarHiio
(CCM) Ta nepebiry #oro enekTpoxiMiuHol iHTepKalsiii ioHaMu JITiLo.

CunTeryyduil cunikar mardito OyB OTpUMaHMH METOAOM OcCajKe-
HHS, IUISXOM 3MimlyBansst opu temneparypi 20°C BOAHHX PO3YMHIB Xi-
MIYHO uHCcTHX coneit Na,SiO; Ta MgClz 6H,0. }101151 aTOMIB MAarHiio i
erMHuo B OCa/DKEHOMY MaTepiajii BifnoBifana ix BMICTy B NPHPOAHOMY
: Tam&.Ky Mg3‘§|40m(OH)2 Cunresosanuil NOpOILKOBKI MaTepian BiaMusa-
NH Bi AOMILLIOK COJeH JUCTHIILOBAHOIO BOAOKO | CyuInin Bripoaosx 10 ro-
nuH fpu temneparypi 130°C.

CrpyktypHy 6ypoBy CCM Bu3Hauanu 3 J0ONOMOrow audpaxro-
merpa JIPOH-4-0,7 y sunpominioBanHni xodanstoBoro anoaa 3 Ni iibr-
pom y BiaGuTOMY rpometi. DOKYCYBAHHA PEHTICHIBCHKHX MPOMEHIB 34iHC-
HIOBAJIOCS 3a cxeMoio bpera-bpeHTano.

TepMiuny aeriparaniio OPOLIKOBOro MaTepiaity BUBYANH METO/IOM
nepusarorpadii (aepusarorpad Q-1500D, VYropmuna) npd LWBHAKOCTI
Harpisy 3paska 10 rpaja. X8

Indpauepsoni cnekrpu nponyckants ([Y-cnekrpn) CCM peecrpy-
Banu 3 gonomoroto Pyp’e-cnekrpomerpa Thermo Nicolet. [ins uboro Ha-
BaXKy 3paska (4 mr) smimysanu 3 KBr y cniesigHomensi 1:100, nozlpi6-
HioBaNM Yy BibpauifiHomy muui 10 XBMJIMH. 3 MPUrOTOBJEHOI cymmn
npecyBaHHAIM GopMyBall APO30PY TIACTHHKY pmMIpOM 20x5 MM,

* TluroMy HOBEpXHIO CHHTE30BAHHUX IMOPOIIKIB BUMIPIOBAIM METOJOM
afgcopbuil aprody 3 IMOTOKY aproH-reiicsoi cymimi mnpu Temneparypi
77,2 K, Brukopucrosytouu g obiiky ob6’eMy ajcopfoBaHuX rasiB xpo-
marorpad XJ1-4. Tloxubka Bumipis He nepesuiyBana 6 %. [lna 6inbu
TOYHOIO ii BU3HAUEHHS BHKOPHCTOBYBASIH aHAMI3aTOP NMUTOMOI MOBEpPXHI
Gemini 2360 (Micromeritics).

Mopdonoriio yacTHHOK BHBYANM 3 AONOMOIOI0 TPaHCMICIHHOIO
enexktponroro Mikpockona (nmpunap JEM-100 CXH). [lpuckopiotoua
Harnpyra npu foro poboti cranosuna 100 kB.
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3a Bubpannx yMOB CHHTE3Y CHIIIKATY MarHilo HOro HHTOMa HoBEpX-
HA CTanoBMIa 344 M™r . Posrnanaioun 4acTiuky CHHTCTHYHOO Ta TpH-
poaHOro cuitikaty martilo na otorpadisx (pnc. 3.18 a, 6), MOXHa
3ayBAKUTH, 110 BOHM Pi3Hi AK 33 GOPMOIO, Tak i 3a posmipaMu. YacTuuku
TanbKy € naacTHHYacTHmMu. Dopma vactuaok CCM 6ansbka go chepuu-
HOl. bynosa CHUTETHUHOTO MaTepiany komipuacra if naragye niny. Poamip
dactHHoK 40-300 um, a nycrux K()Mlpm( 5-12 um. ToBuMAa neperoposok
MiXK KoMipkaMu 2—-4 HM.

1 MKM
- ¥

Puc. 3.18. Gotorpadii yacTuiiok cunternyHOro riapocutkaTy
Marito (a) i npHPOAHOro TaNLKy (6)

l‘Ipn nopisishui  pedtredorpam CCM i upupooro TanbKy
(puc. 3.19 a, 6) Gaunmo, wo Ha AMdpaKTorpaMi CHHTETHYHORO marepiaiy
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Puc. 3.19. Pewrrenorpamn cunretitunioro
FUIPOCHILIKATY MAFHIIO (a) | IPHPOAHOTO Tanbky (G)
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PEECTPYIOTHCS PO3MMTI Apparuiiini Hinil 3 MaAKCHMYMAMH THTCHCHBHOCT
npu kyrax (20) 21-28; 35,3 i 59,0°. Ykazaui MakcuMyMH 3a Kkyramn
andpakuii GnM3pKi 10 YCCPEAHCHUX  3HAueHL KyTiB rpyn Halbinsi
{HTCHCUBHUX jAudpakuiiaux sinifl npuponroro tanbky. e o3navae, 110
CTPYKTYpHI MoTusu amoppuHol ¢dasn CCM 3a Oynosoro 6san3bki J0
CTPYKTYPHUX MOTHBIB TaJIbKY. ‘

Tepmorpasimerpuunuii anania CCM (puc. 3.20, kpusa 1) srasye na
Horo sHauHy TiiparosaHictb. BTpara BOAM BHACHIAOK HarpiBanus jo
temnepatypu 800 °C, npu skiii saBepuiyeTbes Aeriipatanis marepiany,
cxnagae 27,9 %. Ha rpadiuniil 3aexnocTi BTpati Macy Biji Temiieparypm
MOXMHA BHALINTH TemnepatypHi intepsamu 100-200 °C, 200-440 °C, 440~
616 °C 1 616-800 °C, B sxux weuaxicTh aeriaparanii CCM mac nesue
nOCTiHE 3HAYEHHS, OAMAK Y KOMXHOMY HACTYIHOMY iHTEpRani BOHA
3MeHUWyeThes. BTpata BOAM B 3a3HaycHMX iHTepBasaX BIANOBILHO
cknagae: 12,0;°9,0; 4,2 1 0,4 %. Ha xpusiit andepenuifino-tepMiuHoro
ananizy (JTA) (puc. 3.20, xpusa 2) 1npu HarpiBaHHi B TeMilepatypHomy
intepsani 70-200 °C peectpyeThes HE3HAUHUM €HAOTEpPMiuHHE edekr.
Bin 3yMmoBneuuit CTpyKTYpHMMM 3MiHAMM B rigpocunikari, a came -~
peaKcalicio rpaTki B IPOUECi BUIyUeHHs 3B’ A3aH0i BoAu. [Tounnatouu 3
temiepatypu 800 °C, wua kpusiit JITA crioctepiractbcs iHTEHCHUBHUIA
ek30Tepmiunnil edext i3 mMakcumymom npu Temnepatypi 850 °C. Bin
HOB’A3aHuil 3 $A30BHM NEPEXOOM — YTBOpEHHsiM Aobpe 3akpucTani-
30BaHOr0 KIMHOEHCTATHTY Mg,Si0s.

Temnepartypa, °C
0. ZQO 400 600 800 ~ 1000

i

Brparta macu, %
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Puc. 3.20. Kpugi repmorpasimerpuynoro (1)
# nudepenniaisHorepmitnoro anamsy (2)
CUHTETUUMHOIO CUJLIKATY Martio

3riano 3 knacudikanicio rigpocnnikaris sa kpusimi JATA [156]
onepkannilt CCM ¢ MORTMOPHIOHTTOM. CTPYKTYPHUM MOTHBOM MOATMO-
PHIIOHITY € TPUIIAPOBHI paKkeT, sk 1 B8 NPHPOAHOMY Tanbky (puc. 3.21).
[Taketu 38’3V I0THCS OJIHI 3 OJIHHMU B YDOPSAKOBANT CIPYKTYPHI OLUHMLLL
Bepxuiii 1 svowniit wapu nakera nolynosani 3 terpaeapis [SiOq4l,, o
P EAHYIOTLCS BEPUIMHAMY, YTROPIOWOYH I'PYITU 3 JICEBAOTCKCATORAILHOIO
cumerpiero, a cepeasiit wap copmoranuii 3 oxraeapis [MgQgl,. Hns
HeHTpasizallli HAUHIIKOBOTO BI'CMHOTO 3apsily B OKTACAPHURIX HAPax
komriexeni ot [SiyOo]” yrpumytors rigpokennbity rpyny. laketu Mix
coB00, HAa BIAMIHY BUL TalnbKy, BUIOKPEMIBOKOTHLCS wapamn sBoau {156,
1571

Puc. 3.21. Kpneraniuna crpykrypa ranbky

© CrpyxrypHa  opMysia  OACIKAHOrO  PUIPOCHNIKATY  MAaruito
Mgs[SiO 1 ](OH); - nH,O.

Hopismooun H-coexrpi CHHTE30BAROTO CHAIKATY MATHIIO 1 Nph-
POAHOro Tanbky (prc. 3.22 a, 6), MOXHA 3aYBDKHTH, IHO FMAPATOBAHICTH
CHHTE30BAHOIO  MATepiasly  NpOsBISCTLCH  IUPOKOIo - cmyrow 3000-
3600 em™'. Vkazana cMyra B cuektpi Xapaktepia juist ripoKeuin, rigpa-
TOBARUX OKCHUR MCTANIR, HANPHKIELL MIPOTEHHOTO JUOKCHAY KPEMHILO,
riapocusikatin [158-160]. 1i Bignocsts no sanewruux kommnsans OH-rpyn
i copbOBANHX  MONCKYS BOAM, MDK SIKUMH  peajizyiorhes  pisni B
CHCPrETHUHOMY BIIHOLWICHHT BOJHEBT 3B 513KY.

Cwmyra npn 1639 oM IMCHUIVETLCS 33 THFCHCHBHICTIO B 1pOLeEci
nerigparanii CCM. Bouna npurtamanua A 6araTboX  riparogaHux



oKCHaHuX  Mmatepianis  [158] i i npunucyors nedopmanifinmm
KONMBAHHAM 3B’ 3aHOT BOJH.
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Puc, 3.22. IY-criexTpu CHHTETHYHOTO riipocuikary maruiio (a)
1 IPUPOLHOTO TaNbKY (6)

Banentnum kosmBaHHAM TrigpokcHibHUX rpyn CCM Bianosinac
cMmyra npu 3676 em™. Taxy x uacroTy KonMBaHb MaioTh CTPYKTYPHI
OH-rpynn npupoaHoro TansKy.

Y pobori [161] BusiBiieHo, 110 B KpeMHEMArHE3 I AILHUXK Marepianax,
OJIEpPKaHUX METOAOM OCajkeHHs, cMmyra apu 1090 cm™, ska wanexuts
aCUMCTDHUHUM BANCHTHMM KoiuBaHHam Si-O miokcusy kpemuiio, a nipu
3GinbIenHi BMicTy Maruilo B matepiani Big 0 1o 43,3 mac. % ii MiBIMYM
NPOIYCKAaHHS 3MIlIYETLCH B JJOBFOXBUJILOBY Ainsuky go 1010 em™. 3Miuy
HaCTOTH KOJIMBAHDL YKA3aHOI CMYIHM aBTOPH OB SA3YIOTHL i3 3aMilLCHHsM
aTOMiB KPEMHIK) Ha aToMU Maruiio B rerpaespax SiO4. Oauak mu
BBAXACMO, 1110 B criektpi CCM wmpoka cMyra 3 MiHiMyMOM nponyckans
npu 1020 em™ nanexuts ACHMETPHUHUM BAJICHTHUM KONHBAHHAM 31’ SI3KY
Si-O B MocTHKOBHX rpynax Si-O-Mg. Ha 17 nnede B A0OBroxsuibosiit
AUIAHUI HAKAAAAETHES CMYTA 3 MAKCHMYMOM npu 900 cM™, siky mu Bio-
- CHMO 10 aCUMCETPHUHKX BaneHTHUX konuBaib Si-OH. Y 106pe sakpucra-
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N30BAHOMY HPHPOLHOMY TalbKy TUIOCKA KoHpIrypaiis rexcaronanbHux

(UMKJIB CTBOPIOE YMOBU JUIsE PECCTpallii pizHHX ONTHUHHX MOJ acHMET-

pHUHUX  kKomiBanb 3B7s3ky Si-0. Y mmpokiit  iHTeHcusHil cmysi 3

.. -1 . .
 MiHiMyMOM nponyckanus npu 1018 cM™ uitko BHAINSIOTECS MOIAM 1pH

. -1
1045, 110611209 cm™. e
Baneurnum  konusanusM  38’s3ky Mg-O  npupomHoro  Tasbky
. .o -, -1
HanexuTh (HTCHCHBHA CMYTa 3 MIHIMYMOM HOfJIMHAHKHS npu 669 cm™. Y

. -1
CCM ykasalii KONMBaHHS NPOSIBIISIOTLCS LWHPOKOIO CMYToto npu 640 cm™.

Posmuricrs cmyrn, fiMopipHo, nos’szana 3 aedopMOBaHICTIO OKTaeapis
MgO(,

Hedopmauiitnum konusanusm 38’ a3ky Mg-O, nanpukian, B OKCH
Maruiio Bianosinac cmyra upn 1440 cm™' [162]. Binbin Bucoka wactora
nedopmaniiinux komusanb — 1497 cm” BnactuBa s HHKYOTO OKCHAY —
Mg4Os it 3ymoBAreHa CYTTEBO MEHIIOW JOBKHHOK 3B’a3ky Mg-O. Y
cnextpi CCM  peectpyeTbCs LIMPOKA. CMYTa 3 ABOMA -MiHIMyMamu
nponyckauns npu 1435 i 1487 em™'. Hassricts nawoi LIMPOKOT cMyTH
MIATBEPAXYE CROTBOpEHiCTh okTaenpie MgO, 8 CCM. [aue sBuuie
MOXHA 1oB’s3aTH 31 cneuupiunolo Gy/l0BOIO  TETPACAPHUHMX LIAPIB
[SiOIJ]n-

Y tanpky pedopmauiiini xosusanns Si-O-Si MawtTh yactory 465-
453 em™'. Viaszanum komsaunsm CCM Bignosijae cmyra npu 473 em™.
3ua4Ho Brila vacrora gedopmaniiinux konupans Si-O-Si sacsiguye, wo
cepelHs JAOBKUHA 38°a3ky Si-O B rigpocniikati € MEHIIOW, HDK Y
NPUPOAHOMY TajbKy. Taka HeBIANOBIAHICTb, IMOBIPHO, 3yMOBNIEHA THM,
1O B TeTpaejipuunmX 1apax [SiOy4), nopyliena CHMETpIst rekcaroHanbHux
unkiaiB. OQueBHAHO, GQOPMYBAHHIO TEKCAMOHANLHHX LUHKJIIB 3aBAKAIOTH
MOJIEKYIH BOJM, WO KOOPJAMHALIIHO 3B’s3ani 3 CiAPOKCHILOBAHUMH
aromMami kpemHuilo. KoopiauhauiiHa HeHACHYEHICTb MIPOKCHIBOBAHUX
aToMiB KPEMHIIO HA IOBEPXHI YACTHHOK HIPOrCHHOrO KPeMHE3EMY i
3AATHICTE X 3B A3YBATH  @JCKTPOHONOHOPHI MOJIEKY/IH OOIpyHTOBaHA
asropamu [160].

Koxuuit Tetpae/ip BepXHbOTO i HIXHLOIO APy OPIEHTYE CBOIO
“BiNbHY” BEPUIMHY JI0 Cepeiboro wapy. loun KHCHIO BK&3aHNUX BEpPIIMH
gopmytors  oxTaeapuune otouenns [MgQOl,, 3abesneuyioun 3HAYHO
meHuwy 3a Heobxiamy siactass O-O. 3a uux ymos opMmytoThes
CHOTBOPeHI okTaeapn MgQs, B AKHX BiACTaHL BIA UEHTPASBHONO ioHa
MarHilo 0 10HIB KHCHIO B CKBATOPIa/LHIN II0IMHHI ¢ MEHIION, HIXK 10
MOJIOCHHUX {OHIB KHCHIO.



Bupineni namu na kpusiit TI'A (puc. 3.20) Temneparyphi inTepsanu
Aeripparauii CCM BianoBigaiors pisnum gopmam MOJIEKYJIIPHO 3B’ 43aHOT
BojAH. MixnakeTHa Bojia, 3a fanumu [156], Bustyyaerses B rigpocutikarax
y TemneparypHomy iHtepsani 70-200 °C. Mu BBaxkacMo, 110 3HauHa
KUIBKICTE BOJIM, WO BHAINIETHCS NpU Temnepatypi 200-440 °C, YTPHMY-
€TbCA B CTPYKTYPHUX NOPOXKHHUHAX TETpaeapuuHux wapis [SiOq4),. Koop-
AMHAUIHHO 3B°3aHa BOJA BTPAYaEThCA NPH HArpiBaHHI Bi TeMIepaTypH
440 °C no 616 °C, a Bopa, WO yTBOPIOETHCA npu koHAeHcauii cTpyk-
TYPHHUX NAPOKCHAIB, — B iHTEpBani TemMnepatyp 616-800 °C.

CTpyxTypHUMH NO3ULIsMHM AN yTpUMYyBaHHs ioHig nitiio B CCM
MOXYTh OYTH MiIXNAaKeTHi TNPOMIKKM Ta [eKCArOHANbHI NMOPOXHWHH B
TeTpaeapuunux wapax [SiOy4],.

Tepmopunamiune focnimkenus npouecy enekTpoXiMivHOro BHpO-
BamkenHs Li"y mocnimxysanuii marepian 0Ka3ye MOPIiBHSHO BUCOKHI
CTyMiHb “IOCTBOBOTO” HABAHTAXEHHA — Xx ~ 4. lopusoHTaneHi AinaHku
AG(x) (puc. 3.23) Ha OTpUMAHKX 3aNeXHOCTAX X-E npux=0,6; 1,3;2; 3,6
Ta B iHTepBanax 2,1 <x <2,512,75 <x <3 MoxyTh iHTepnperyBaTHCs sK

32 3
28 F
24
4 1. 1 I'] A N3 A i 4 J
-1 0 1 2 3

4
X(Li)
Puc. 3.23. @ynxuionansya 3anexuicts 3Minu eneprii ['i66ca
peakuii inTepkaitauiy ioHis aitiio 8 CCM

HAsBHICTb CTPYKTYPHHX 3MiH ()asoBUX TNepexofiB MepLioro poay) B
cucremi CCM, a intepsanu piskoro cnagy npu x ~ 0,8; 1,85; 2,1; 2,6 Ta
3,4 BIANOBIAIOTH YHOPSAKYBAHHIO MiJCHCTEMH intepkamsinty. Iosisa
ABO(A3HOT NIMSHKY 3yMOBJHOETLCS B3AEMOIEIO “TOCTHOBUX” KATIOHIB MidX
€o0010 Ta aHiOHaMH “rocrofaps”, npu kil BUHUKAE JaNbHUi HOPSIIOK ax
A0 YyTBOPEHHS CMOJYKH MOCTIHHOTO cknany. Y pasi piBHOBaXHOTO criiBic-
HyBaHHS 000x ¢a3 ¢opmyerbes rerepodazua cuctema 3 mnato Ha x-E
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apiarpami. daszosuit nepexin | pouy Moxe Oytd 3ymosneHuit i MixaTtoM-
HOIO B3aEMORIEIO “TiCTh " TiCTh”.
Jns  3’scyBaHHs yMOBU [OSABH Takoi B3aEMOAIT  pO3riHEMO
MOJIEALHUI raMinbTOHIaH CHCTEMH Y BUIAASIIL:
H=H +H_ +H,_, (3.2)
ne
Hy= S E, Ci..C (3.3)

QKON
K

~ raminpToHiaH Matepiany-“rocrnojaps” (TyT a HyMepye BajleHTHY 30HY i
30HY NMPORIAHOCTI), (A,‘(;‘w_,,i C, ., —onepatopu HAPOMKEIH T SHHLEHHS
€NeKTPOHA B CTaHi 3 KBa3IMIYJIbCeOM £

Hin = E1'Y (agao + bgbe )+ U(ngtngd +

a

.
+ HpTIL ) 3 I'(ngtngt +ngdnpy )+ 1) (agha +
a

+he)+W Z(nm n)-W Z (n,, +n, )+W, (3.4)

~  raMminabToHiaH “rocThoBOI”  niacucremu, BuOpaHuil y  BHTASAI,
exBiBaneuTHOMY raminbroniany [alitnepa-Jlonaona [133];

[1[1—3 = Z( Ve x (l('; Caneo + II.L’) -+ Z(Va,xh(; (.,'(1,/\',0‘ + he ) s (3.5)
aKa o .K.06
02 "
ac Vorx = "J’(/)al(;" - Rl )”"’E ““““““ l//a'x'(i")dsi’ , Va,k’ = L’a'«" @Xp(ikaz ),

| P~ K|

@at ¢ — R1) — aromapHa xsunpoBa dyuixiis, v — dynkuis bnoxa, onucye

B3aEMOJIIO “TOCTHLOBOIO” KOMITOHEHTA 3 HOCISIMM 3apsy Marpuui; 4, a_,
b', b — onepatopy HAPOOKEHHS 1 3IHHIEHHS I1OHIB JHTHO Yy JBOX

HEeKBIBANCHTHUX CTaHax y wmarepiani-“rocrnofapi™; t,, Dy, Ny, Npe —
BiAMOBIAHI YUCITA 3ATIOBHEHHSL.

BzacMofis Mk JIBOMa BOPOBADKCHHUMY aTroMaMH JiTiio (B oany abo
cycisini “rocthoBi” NO3MIT) NIPHBOAHTL 10 POLLEILICHHSA TXHLOT ribpu-
130BaHol opbitani Ha 3B’A3ytouy il aHTH3B A3YIOMY BITKH 3 GHEpreTHH-
HHM TNOJIOXKEHHSAM BIANOBiAHO ni) i wan pisuem ®epmi. Taka Tononoris
CHepreTHYHUX PIBHIB IHTEPKANAHTY BKA3ye HA AOUILHICTL Tpancdop-
mauii mogeni aiftnepa-Jlonnona B MeTo MOnekyaspHuX opbitancil nns
CITPOLLCHHS 3HAXOVKCHHS OAHOCHEKTPOHHUX CTaHiB. Tozl, BROASUH HOBI
oneparopu:
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- I v 1
“Ag == (g bo N ;:—- ; ; .
\/-2'((1 + O ) /a \/z(a + b, ) (36)
1

B I
Ba'-':_‘ o‘”b ;B;:--—~ ;*b(; 5 .
B anpokcumauii Xaprpi-®doka ojepxyemo:
Aim = E143 Ao + E2B% Bo +
+U|1A{A1AIA¢ +0228T+BTBIB¢, (3.8)

ne E=E-W-|ll, E =E W+ Wzﬁi_k_l (tyr E, — euepria

€/IEKTPOHA Ha iHTepKAILOBAHOMY aToMi, / ~ eHepris ribpuausanii).

-
Hig = 3 (War cos® S A5Cano +he)s
ax,

h + Z(zVa,x sm% B;Ca,x,cr + I‘l.e)- (39)
.l . a,K.
- JAng Mmopudikopatoro ramijibTOHiaHy
: H=H,+H,+H,_ (3.10)
OTPUMYEMO:
E =E ~W-{l|+M; E =E -W+|l|+M,, (3.11)
pe
L | Vaw |? cos? kd: W 1 sin? kd:
M = S , - — __W...NM..,._Z_ .
: Z:( @ — Ea,x M> § o—- Eaqx

© ~ "3BiACH 3HAXOAWMO YMOBY B3a€MHOFO KOOpPAMHYBAaHHA MK BHpOBa-
JOKEHHMH aTOMaMH JIiTiiO 3 YTBOPEHHSM 3B’S3aHOTO CTaHy (£, — eunepris
piBHs Depmi):

E{ngt) + W + Ec + (e —(ng1Y)< 2Er (3.12)
abo ,
E,>E ~W-|l|+M +71q—_.} w__ ) (3.13)
‘ E ~E+|1|-M

3 OCTaHHBLOrO BMpAa3y BHIHO, IO i NpW HEHYJILOBIH Temneparypi
MOXUIMBE B3AEMHC KOOPIMHYBaHHS BIPOBADKEHHMX AaTOMIB JiTiio,
npuyomy 6e3 yuacti dornonis. Binbw nonoruii xapaxkrep AG(x) B okomni
x.=0,6; 1,3; 2; 3,6 Bkasye na asosuit nepexin I poay. Jlokanbui
MIHIMyMH 3MiHH eHeprii Ti66ca mitiesoi IHTEpKAISIT B OKOJi TOYOK
x=0,25 Ta 0,75 MOXyTh noscHioBaTUCS posnajzom iHTepKanaty Ha
30igHeny  #  nepecuuenmy  gitiem AIASHKH,  [OB’S3aHUM i3
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TCPMOJHHAMIYHOK ~ HEPIBHOBAXHICTIO  cucTeMH “amopua  daza—
BriopsiAkoBaHa (asa”. TlosBa oCTaHHBOI TPH IHTEPKANIOBAaHHI MiATBEP-
JOKYETBCSl JAHUMH PEHTIEHiBCHKOTO aHanisy (puc. 3.24).

LN B It |0 e O e 0 B A e e e 2 e Tt

plabil:

IR EEE R EEE MRS ERREN ERSER ER Y
Sl

!

Ni — | } i

L [ 1 #Li(Si0p

38 44 33 6 kil 80 8y 9% 107 16 123
207
Puc. 3.24. PentreHorpaMa CHRTETUUHOTO TAJIBKY,
inTepkansoBanoro Li' (x = 2,8). Bmict crpymonposinnoi caxi
8 CCM nopismioe 20 mac.%

Penrtrenodasosuit ananis, NpoBeAeHUN 3 BUKOPUCTAHHSM METOAMUKY
Ta NMPOrpaMHOro 3abesneveHHs, 3anponoHoBanux y pobori [163], no3so-
JUB ONHO3HAYHO ineHTHdikyBaTH HOBOYTBOpeHY (azy AK cnoayky 3i
CTPYKTYpHHUM ynopsaakyBaHHsM Ttuny NaCl, B saxili kdcHeBi aHioHH
dopmylots rpaneuentposanuii ky6, a iomn Li' Ta, Moxumso, Si**
3alMatOTh OKTae/pUYHI NOpoxHuKHM. CTana rpaTku i€l $asu CTaHOBHTD
4,0287 + 0,0009 A.

SIBHIIa yTBOPEHHA IHTEPKANSLIHHUX CHONYK BIPOBAMKEHHA THUIY
LixMe; . O, nocratHpo 106pe BUBYEHI AN OKCHJIB NEPEXiHUX METANiB
[161). Ix crpykTypa moxe 6yTH onucaHa, BHXOASUH 3 YMOBH Haj-
CTPYKTYPHOI'O BIODPA/KYBAHHS KaTiOHIB y PI3HUM UYMHOM CHOTBOpEHii
MaTpHUuHil rpaHeueHTpoBaHili KucHesili rparui, ae iowm Li° Ta
MEepexiIHOrO MeTany 3aiMaloTh NMOPOXHUHHM, YTBOPEHi WiNLHO yHAKOBa-
HUMH KHCHEBHUMH LIapamu. XapakTepHUM € OpTOpoMOiuHMil THN BIIOPAJ-
KyBaHHs (npoctopoBa rpyna R-3m). Crani rpatok Takux cnonyk Aexars y
Mexax a=2,85+3,10 A, ¢c=11,0+14,7 A [161]. Tpauncdopmauiio rekca-
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TOHaNABHOI IPaTku B KyOiuny BusBieHO s cnonyk LiNiO, ta LiCoO,,
OTPHMAHHX MeXaHOXiMiuHuUMH Merojamu [164]. SAeuma nogibHoro Bno-
PAAKYBaHHS CTIOCTEPIraJINCs paHille TiNbKH MPH BUCOKOTEMIIEPATYPHHX
TBepAOGA3HHX  peakUisX - A METaliyHuxX oOkcuaiB Tumy LiFeO,
(mpocroposa rpyna Fm-3m, crana rparku a = 4,158 A) [137]. Ocrannim
4acoM 3’SIBUNUCS TIOBIAOMIEHHS PO cuHTe3 crionyk LiMO, 30mb-renns me-
TOJOM 200 METOOM KaTiOHHOrO 3amillenns [165]. ®azoBa craGinbHicTh
YUOpPAAKOBaHUX CTPYKTYP TRy AMO, (A — nyxuuit meran, M —~ nepe-
XifHu MeTaN) OCIIZUKyBaNacs TeOpPETHYHO aBTopaMH [166] sik byHKUiA
po3Mipy Ta 3apsay kaTioHiB. BHABIEGHO, WO CTPYKTypHE BHOPAIKYBAHHS
tany a-LiFeO, (Fm-3m) Burigne enepreTMdHO Ans BUMAAKY NPUGNH3HO
O/IHAaKOBHX {OHHHMX pagliyciB KaTiOHIB, y TOif uac, sK 36iNbLICHHS Pi3HMLI
MDK iX posmipamu Bege 4o 3poctanHs ¢a3zoBoi crabinbHOCTI CTPYKTYpPH
tuny «-LiNaO,. IIpote HaBepeni po3paxyHKH BHMaraiotTh MOANbLIOTO
€KCIIEPUMEHTAIbHOTO MiATBEPIKEHHS.

HosBa retepodasnoro craHy kaToqHOro Matepiany, HaNeBHO, BiANO-
Billa€ MeXaHi3My B32EMHOrO KOODAHHYBAHHS iHTEPKaNbOBAHOrO JiTitO.
BumesranaHi npouecu cynpoBOIKYIOTHCA 3HAYHMMM 3MiHAMH B PEHTIe-
HoamopdHiii §asi CCM, npo wo cBigYHTb 3CYB rONOBHOrO AM(Y3HOrO
“rano” B ManOKyTOBY HinaHKy. Makcumym audysHoro “rano” po3Mi-
wernit npu S=1,28 A", mo 30BciM He XapaKkTepHO IS CHHTETHYHOTrO
TanbKy i 71 ByTNEHeBol caxi.

Meron iMnenancHoi cnekTpockomnii A03BONMB OTPUMATH AOIATKOBY
iHpopmaniio npo kimetnky Tpaucopmauii crpykrypu CCM micas
eNeKTPOXiMidHOTO BIpoBamkeHHs ionis Li'. [Tobynosani B komiiekcHii
nyomuki Alarpamu Hakiksicra (puc. 3.25) Bianosigaiors (papaneiBcbkum

5000 ¢

4000 |
3000 |} - : (:_/
2000 } ) ) /

1000 - b e e

Z", Om

0 1000 2000 3000 4000 5000
Z, 0Om

Puc. 3.25. ,ZIiarpaMu Haiixsicra intepkansosanoro CCM
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npounecaM i3 BHPaXEHUM KiHETHUHO-IMQY3iliHHM XapakTepoM i Mope-

JMOI0THCA eKBiBaJleHTHOO cxemor Penanca-Epunepa (puc. 3.26). Omip

cranii nepenocy sapsny (Rct) € HemonoToHHOW ¢yHKUIEIO CcTyneHs
g

CDL — W

Puc. 3.26. ExeiBanenrna cxema Panpneca-Epuunepa

“rocThOBOr0”  HaBaHTaxeHHs (puc.3.27). Moro piskuit picr vy
KOHNeHTpauikHoMy inTepBani 0 <x <0,25 3yMOBJieHHII KOMMEHCALi€
BINbHUX HOCIIB 3apsaay y BuXiguili marpuui npu idrtepxansuii Li® i
noB’si3aHui 31 3cyBoM pisHs Depmi 10 cepeantn 3a00POHEHOT 30HH.

a0 r

Y
200 F
5 S
S ) /
2 “":"o-a/ )\;\ Vi A
€ 1 o \ / \
Q
!
ok

Puc. 3.27. Konuenrpauiiina sanexHicrs onopy cramii
AepeHeceH s 3apAny

Koediuient audysii D(x), akuii € obepuenunii a0 koediuienrta
Bap6ypra, 3meHulyeTbes 31 3pOCTaHHAM “TOCTLOBOrO” HABAHTAXKEHHs
(puc. 3.28). Ilpu x> 3,5 D(x) novnHae pizko cnagartd. Y BKazaHOMy
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Puc. 3.28. Koediuienr Bap6ypra sk pyuknis crynens
“TOCTHOBOIO” HABAHTAKEHHS

IHTEPBAJli CIHOCTEPIraEThCsl TAKOXK CYTTEBE IMEHIIEHHS onopy cragii nepe-
HECEHH 3apay.
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Posznin IV
EJEKTPOXIMIYMHI CUCTEMH HAKOITHYEHHS
EJEKTPHYHOI EHEPT'Ii HA OCHOBI HAHOIIOPUCTOI'O
BYI'JEIIO

§ 4.1. Mexanismu HAKONHYCHNS CNEKTPHYHOT eHeprii B KOH/IeH-
caTopax i3 HoABIHHMM €JIEKTPHYHHM IIAPOM

3rigno 3 BusHaueHHsM KoHBes [167] enextpoximiudi cucTemMM, B
AKKX BiAOYBaOThCS 3BOPOTHI KAaTOJHO-aHOAHI MOAspU3auifini npouecH, a
iX wuacoBi 3apan-pospsiaHi KpuBi Oau3bki 40 JIHIMHKX, Ha3MBAIOTH
enexrpoximiunumu koHgencatopamu (EK). Txus emuicts zaGesneuyerses
noasiiinum enektpuunum mapom (ITELL), skuit yrBoproerbes Ha Mix-
Gbasniit rpasuui TBepae Tino—enekTponit. Taki KOHAEHCATOPH BOJNOAIIOTH.
Bi/IHOCHO BHCOKHMHM MTHTOMHMH CHEPreTHYHHMH XapaKTepHCTHKAMM
TOMY 3HaXOAATH LIMPOKE 3aCTOCYBAHHS B NPHUCTPOAX ENEKTPOHIKHM
€NEKTPOTEXHIKH (CHCTEMH aBTOHOMHOIO JKHMBJICHHS, KACKANH MiACHAEHHA
TIOTYXHOCTI COHSYHHX €NIEMEHTIB, CHCTEMH 3anycKy ABMIYHIiB BHYTpiLl-
HbOTO 3rOPAHHA i T. 11.).

Yreopenns IIEIl BinbyBaerhcs Ha Mixdasnili rpanuui  gBox
CEPENOBHLL i3 PI3HUM XapaKTEPOM NPOBIAHOCTI: EIEKTPOHHUM i IOHHKM, a
TOMY BHPiBHIOBaHHs XiMIOTEHUIaNiB NPH BCTAHOBIEHHI PiBHOBAXHOIO
CTaHy CyNpOBOJKYETbCA HAKOMUYCHHAM 3apsjiiB NMPOTHJIEKHOIO 3HaKa i
pi3HOi NMpPUPOAM B TNPUKOHTAKTHUX AiNSHKAX KOXHOI ¢a3u: iOHIB B
eJIEKTPONiTi Ta eneKTpouiB (Iipok) y TeepaoMmy Tijii. IHIMMH croBamu,
(isuyHMi  KOHTAKT MiX HA3BaHHMH CEPEOBULUAMH I[IPHBOAUTL 10
¢dopMyBaHHS MOABIHOrO €NEKTPUHHOIro wapy. Sk npaBuno, 3apsnu B
HbOMY JIOKani3ytoThCs Ha Jyke Maniii Biacrawi: Tosumua [IELI y
GinbinocTi BUMAAKiB NeXMUTh y rpanuusax 4—7 A [168, 169].

3 yMOBH eNeKTPOHeHTPaNnbHOCTI BHIUIMBAE, LU0 B PiBHOBDKHOMY
ctani abcoMmoTHI 3HayYeHHs 3apsais no pisui croponu MNEIL, sxuii MoxHa
BBRXATH 3@ KOHJEHCATOP i3 MOJEKYJISAPHUMH €JIEKTPOAAMH, PiBHI MiX
co60t0. BBoASYH NOHATTA nosiapHu3aLii 06’ eMHOro 3apaay, sk 3aXONJIcHHS
3apAILUKEHHX HOCITB Ha rpandii po3fiinly $a3 yHacHiZiok HEMOXIMBOCTI
BLIBHOFO X po3psany a6o 3MiHK HOCITB HA €JEKTPOAAX, MH NPUXOUMO L0
pO3yMiHHSA MeXaHi3My poOOTU TaKuX KOHJEHCATOPIB ~ Le MONApH3aLis
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(nenonspusalis) 06’ eMHOro 3apaay NOABIHHOIO SJIEKTPUYHOrO [Py NpH
NPHKIaJiaHHi A0 HOro o6K/a0K 30BHILIHEOT Pi3HHLI II0TeHUiaNiB. Hponec
nonspusauii Binnosizae sapsay EK, mig yac sikoro Ha obxnanxax ITELI
6yRyTh KOHLEHTPYBATHCS ENEKTPOHH 3i CTOPOHK TBEepAOi asu, ioHu 3i
CTOPOHH €JIEKTPOJITY, a MpoLec AenonApu3anii — ioro po3psagy. 3 Buule-
CkasaHoro BunMBae, wo He Beskuit TELLL 3anosonshse ymoy, sxi Heo6-
XigHi ans no6ynosu EK, Tomy uio norpi6Ho CTBODHUTH YMOBH, fKi 3a6e3-
neyysanu 6 Haniline NPOCTOPOBE PO3MEKYBAHHA 3apAliB Ta noJspU3aLio
06’emuoro 3apsany. Taki yMOBH HasHBAIOTBCS “ifeaibHO NOJSAPU3OBY-~
BaHHMH”, & BIATIOBIAHI €NEKTPOAH B 3alaHUX EIEKTPONITHUX CHCTEMAX i
HEBHHX IPAHULAX TOTEHIIANB — NONAPHU3OBYBAHHMH. IXHs NIpHpOJa TakKa,
WO NpH MOJISpU3alii enekTpoja Ha HbOMY He MPOTIKAIOTH ¢apaneiBcoki
IPOLIECH, NIOB’13aHi 3 MACOMEPEHOCOM Uepe3 IPaHuLIo po3Ainy das, ska e
TOBHICTIO GJIOKYIOHOKO [Iis MPOLECIB EPEHOCY 3apany. Tomy Taxi enekr-
ponu e Ha3HBAIOTh GIOKYIOUMMHU. YV LUX YMOBAX KOHTAKTYIOUi (asu He
OynyTs OOMIHIOBATHCS 3apSOM, a BCA EHEpris 3OBHILIHBOIO ENEKT-
puiHOro nomst BUTpauatuMeThes Ha 3apan IMEIL. Toxi B ransanocTa-
THYHOMY PEXHMI B MeXaX IOTeHIialiB “igeansHol NOJIAPH30BYBAHOCTI”
MM OTPUMAEMO NliHiHY 3aIEXHICTG HAUPYTH BiJ TPHBAIOCT npouecy
nonspu3auii, 38iaku emuicts IELL Bu3HauaeThes Ak:
c=24 .5
AU D 4.1
Ae Aq - 3apsn, AU — 3mina pisHuni notenyianis [IpY NiepeHeCeHH i 3apany
Aq, S i d - BifnoBigHO akTHBHA maOWa NOBEPXHi eeKTPOAa Ta TOBLUMHA
MEIIL
Mixgassa rpanuus Ha 60Kyr0uHX CNICKTPOIaX He TMpPOIMyCKae
HOCIiB 3apany B o0ox HanpsMkax. Dizduna OpUPOJA UBOrO MONArace B
TOMY, WO MpoUec (OpPMyBaHHS NOABIAHOrO eNEKTPUUHOrO MWAPY BHKJIM-
KaeThCs CrenudivHo0 ancopbuicio, NOBEPXHEBMMH SBHIAMH TOILO, 2 He
IIEPCXO/OM 3apsfy yepes caMmy rpanuiiro [170-172). Takum ynnom, ITELL
Ha GIIOKYIOHHX eNeKTpojax sBisie coGolo cBoepiaHHik MONEKY I pHUiA
KOH/ZIEHCATOP, 3apsalH Ha “00KNaaKaX” SIKOTO MalOTh NOXOMKEHHS, OB’ -
3aHE 3 NEePepO3NO/LIOM eeKTPOHIB a60 3apSIKEHHX TOIKOBHX Aedexrip
Y TBEpOMY Tifli Ta ioHiB B enexTpouiti. oro eMuicTs MokHa moxaTH sk:
C = gg5/d, (4.2)
A€ & — JENeKTPHYHA NPOHHKNMBICTL Wapy [eNEMronbua, 3a Ky 4acto
NpHAMAIOTE NiCNIEKTPHYHY NPOHMKIMBICTL enekTponiry (Horo PO34HH-
Huka). Ockinbky ToBwmHa IIEIH d — BeiMuuna mMana (IOPAAKY KiNbKOX
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MIXATOMHHX BiJICTaHell), TO THM caMHM 3a6e3nevyeThes NyKe BHCOKa
€MHICTb Ha OJMHHMLIO MOBEpPXHi, fAKa MOXC MpUHMaTH 3uauenus 20—
50 mxd/eM?, o 3HauHO NEPEBUULYE BIAMOBIJAY BENHUHHY B Tpamuiliii-
HUX KOHAEHCATOpax, Je HieNeKTPHK Mae TOBIMHY 5-7 COTEeHBb MixaToM-

HHMX BicTaHeH.
Posninenns 3apagis mMoxe OyTH BUKIMKAHE PISHAMH NPHUYHHAMH

(puc. 4.1): a) nepexoJloM iOHIB 3 €NCKTPOAA B PO3YMH ab0 HaBMaKH —
ionnn#t TTELI; 3apaja oanoro 3Haky yTBOPIOE iOHH, WO nepeiflunu B
pO34HH, a iOHH (ENEKTPOHH), WO 3aNUILHIIMCH, YTBOPIOKITH 3apsij Npo-

CleICICICICICIE
M

D ®
P B RP P

- EOOAA0

B

Puc. 4.1. Cxema Oy0BH NOABIHONO CAEKTPAYHOrO 1UApPY:
a — loHHOTO; § — ancopbUiiiHOTO; B - OpicHTAUIHHOTO;
P - po3uu; M — mMeran

TUJIEXHOTO 3Haka, 6) cneuudiunoio ascopbuiclo Ha NoBepxHi eekTpoaa
ioHiB 0iHOrO 3HaKy — apcopbuiiinuit ITEILL; B) opientauicic nonspuux mo-
JeKyn (Hanpukiaa, MOJieKysl po3uMHHuKa) Gins rosepxHi €NeKTPOAR, B
pE3yNbTATi YOro BCi MOMEKYJIH 30PIEHTOBAKI A0 €NEKTPOJa OAHIEIO i Tiewo
K cropoHow — opienTtauiiinuit TIELL. Sk npasuno, pisui Buan TTELL
peanizyloTbCs OHOYAcHO. BifzHauuMmo, 1110 B yCiX HepesiueHuX BUnaakax
IEHI, y ninomy, 3anH1uacTsCs eNeKTPOHCHTPAIbHUM.

V nepwii mopeni MEL (monens NenbMronsua) npunyckanocs, mo
MO3UTHBHI W HEraTMBHI 3apsAfil KOPCTKO 3B’A3aHi MO0 OGMABI CTOPOHH
po3ainy ¢as, a BciMa B3aeMOAiAMM, ki BiAOYBAIOTECS B CUCTEMI efeKT-
POA—ENEKTPONIT, y Aaniii MOJEN HEXTYETLCA, 3I1JIHO 3 NAHOIO MOJENIO,
ITEHI cnin posrnsnaty siKk MaocKonapanesibHuii KOHJEHCATop, B SKOMY
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OAHA NNacTMHA — UE [OBCPXHS €JEKTPOAA, TOAI SIK ApYra [UIacTHHa
copMOBaHa 3 IOHIB CHCKTPOAITY IPOTHIEKHOTO 3HAKA | TIPOXOAUTH Hepes
UeHTpH umMx ioHis. llpore Taka momens He BpaxoByBajia He TiJIbKH
B3AEMOAIL B CHEKTPOJITI, ajle | HOro KOHUEHTpaLiio Ta po3MipH ionis, 1o
YHEMOXUIHBIIOBANO KinbKicHuil ananis [TEIL].

Ha nmouatky XX cr. I'yi i YenmeH HesanexHo omuH Bl omHOro
sanpom.)HyB?mu Monens IIELL, s sxili BpaxoByBanucs i npuknanenuii
floTeHuian, i KOHue.HTpalliﬂ €NEKTPOIITY, OCKiNbkH i (aKTopH icToTHO
BMAMBAIOTL HA EMHICTb NOABiAHOro wapy. Takum uuom, TTEL ue Oys
KOMNAKTHUM K y MoJeli ['enbMronbua, a BOAOAIB 3MIHHOIO TOBIHHOO
BHACJIIIOK BiIbHOI'O pyXy ioHiB (puc. 4.2 0). Liro Mozens 6yno Hazeauo au-

!
-
E3

& e Tozaroiarn iff s

a M
) Mogers lemnonsua 6) Momems I'vi-Yeroesa

BT |Andysifiod wap
St o
2007, VAN
e

z) Mogems [repsa r) Mogems BAM

Puc. 4.2. Moneni nozsiitnoro mapy:
a— mozaens lenbmronsua; 6 — mogens 'yi-Yenmena;
B —Moaens Hrepna; r - mopens bokpica-Jleanarana-Mronnepa (BIM)
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Gysiftunm HEILL Y nauifi Mojeni He BPaxoBYIOTHLCS po3Mipm ioHiB i BOHU
posrasaatoThes sik rouxosi sapsyu. Ulrepn o6’eanas mopens enbm-
rofiia H mopens I'yi-Henmena. Biw ssaxar, ujo EHL dopmyerses
KOMIAKTHUM wiapoM iouis Oinst enextpona # audysuum wapom, saxkuil
1npoctaraeTbes Brumb poszunHy (puc. 4.2 8).

I'pexem sanpononysas moaens, B axiit TTEI cknagascs 3 Tphox
JUMSHOK: BHYTPilIHst miomiua [enbMronsia; 30snims nrommnia [ensm-
roabua B oaudysna ainsuka. PisHdug MK 0ic0 MOAEnmo i MoOpenmo
[Utepna nonsrac B icuyBanui crnetuHMiunoi ajcopbuii, BHacnifox skoi
ancopOOBaHHH [OH BTpauac CBOW  COALBATHICThL, HAbIHXAOUMHUCH 10
MOBEPXHI SNEKTPOAA, A 32 PAXYHOK TAKOIO XK 3apsyLy eJICKTROAA MK HHKUMH
BHHUKAC CUNTbHUI 38’ a30K, burein cyuacui mogeni [ELL 6epyTs n0 yBarn
(Gizuuny HpUPOAY NPUIIOBEPXHEBOT JUMIHKN. Y JHNOMBHHX POSUHHHHKAX,
HATIPUKAAJ Y BOJI, NOBUHHA ICHYBATH B3ACMOAIS MIX CIEKTPOAOM i
AUTIONAMH, TIPO UIO CBULUMTE TOI (DakT, 1110 KOHUEHTPALIS POZUHHHHKA €
3aBKAM  Habarato BHUIOKO, HIK KOHNCHTPALIA POZUMHEHOT PEUOBMHU.
Mogaens bokpica-Jlesanarana-Mronnepa Bpaxosye tieft ¢akr i nokasye
nepesary MOJieKyJ)l posduHuuka Olns rpanuni posniny das (puc. 4.2 r).
300paxeny MOJENb MOXKHA BBOKATH 0A30BOIO P JIOCHIPKECHITT 3apsi-
PO3PRIHUX poleciB y Bucokonoryxuux EK.

s otpumaniua 3aransuoro yssiedns npo TIEID posrnsanemo
MOJleNtb Horo nobyaoBH Ha Mexi PO3AY MCTA/PO3HHUH CIEKTPONITY
(puc. 4.3). Konu na mexi daz aborh THILKH €ACKTpHINT CHAM, 10HM B
PO34MHL MOXYTb IHJAIATH IO NOBEPXHI METANY Ha BiCTaNb, e GIk1y 3a
pajiiyc conbBATOBAHOIO 10HA, OCKIILKI Ha TOBEPXHI MeTany 36epiracThes
MOHOMOJIEKYJIAPHHIT wap ajcopbosanoro posyuundka {171]. Mnowunny,
(IPOBEJEHY Hepes UeHTPH HaHOMDKMUX JI0 NOBEpXHi 10HIB, Ha3WBAIOTH
30BHIILHLOI MoumHow enbmronbua (lonwna xy ua puc. 4.3 a). Y
BHMAAKY crieidivnol apcopbuii 1oniB, Koau BoHH NoBHICTIO ad0 YacTko-
BO BTPAUAKOTH CONLBATHY OOONOHKY, HenTpH acopOOBAHHN IOHIB MOXYTh
nigidTy 20 noBepxHi Ha Oinbir GJN3bKY BiACTalb, & NIOUIMIY, IPOBEACHY
4epes IX HEeHTPH, Ha3HBAIOTH BHYTPINIHLOW naouuoo IensMronsua.

B 06’emi po3unny enexTponiTy, 3a 30BHIUHLOIO IIOUIHHOI TeNbM-
roiblla, posMmiulyeThes  audysuuii  lonunit  wap, a notenuian @,
(puc. 4.3 6) wasusaiorh notexuianom judysnoro mapy. Xou rycruna
3apsiiy B QY 3HOMY APl 3HIOKYCTLCS B MIPY BILAJICHHS BUL NOBEPXHI
CNEKTPOJA, THM He MEHII HOoro MOXHa YHOMGHHTH JIO JUIOCKOFO KOH-
Jlencaropa 3 AesKo10 ceKTHRHOIO BIACTAHHIO MK OOKJLKAMM, iHILIMMH
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CJIOBaMH, C(I)CKTHBHOK) TOBUIMHOO ﬂl/l(l)y'SHOl‘O uiapy A. TCOP(‘)TH‘IHO A4
A MoxHa ofiepxaTH Takuil Habuken uil supas [173]:

~ Al 2
A=\, RT [8ncF?, .3

ne & — BigHocha AleNeKTPUYHA NPOHUKHICTL PO3YmMHHMKa, R — yHiBep-
cajibHa rasoBa crana, 7' — aGcomorHa TEMIEPATYpA, ¢ — iIOHHA KOHUEHT-
pauis, F'— uucno dapajies.

Puc. 4.3. Moaens noasiitioro CIEKTPHYHOTO Lapy:
a — CTPYKTYpa MeXi METa/po34anH eNcKTpoliTa;
6 — 3anexHICTh NOTeHLIaNy Bix BiACTaHI 10 €JIEKTPOoAR,
I —Meran; 2 - map ancopboratinx MOJICKYJI PO3YMHHHKA,
3 — pO3uUH eNeKTpONiTY; 4 — NTOUMHA KOB3AHHS

I3 cniBeinuowenus ans A BuaHO, wo NpH 3HKEHH] KOHUCHTpauii
IOHIB TOBLKHA AUQY3HOrO wapy 30iablyeThes, TO6TO Mexa 3APAIKEHOTO
wapy 3miinyerbcs BrauG posuuuy. Y cuabHO po30aBICHUX PO3YMHAX
ENEKTPONLITY Mexa AnY3HOro Wwapy Moske 3MIILLYBATHCS 38 MEXi Tak
3BAHOIO LIApY KOB3aHHA, TOOTO MIIOWMHH, 32 MEKAMH AKOi CTAE MOYK-
MIMBMM DYX DIIMHM B3OBXK MixdasHoi rpamnui. Takum YHHOM, TipH
NPOTIKAHHI  PITUHU  B3IOBXK  Mexi TBEpJE TUNO/piaMHA BiABYRaETLCS
nepemiiients 06’eMHOro 3apany i, BIAMOBIZHO, 3’SBISETHCS Pi3HULS
NOTEHIIANB Y3H0BXK MOTOKY PiiMHH. SlBvina, wo nor’si3zani 3 HasBHICTIO

146

00’ €MHOrO0 3apsifly B PO34MHI 32 MEKAMH MUIOIMHH KOB3aHHSl, HA3HBAIOTD
ejiekTpoKiHeTHUHUMHK. TToTeHuian oMY KOB3aHHA HATHBAIOTL €NEKT-
POKIHETHYHHM NOTCHUIANIOM ).

Cnig iamiTuTi, 1O ocHOBHI Aai nipo O6yaosy ITEI onepxano 3
EMHICHMX BUMIPIOBaHL APH BICYTHOCTI MEpPeHOCy 3apslis uepes Mi)K:
¢asny rpanuio. Y peanbHux ymoBax poGoTH NpHCTPOIB MozneKy NpHO
ENIEKTPOHIKU MPOLIEC YCKIAAHIOETHCS: CTAE MONCIMBUM NEPEHOC 3apsiiiB 3a
paxyHOK eneKTpoXiMidHOol peakuii, ionizauii axcopboBanu; HacTHHOK abo
sMinn 3apany TEL npu smimenni noreuuiany. Tlpu nwomy BHMIpAHa
€MHICTh fBIA¢ co0OI0 BXE HE JULIC EMHICTL MOABIHHOrO mwapy, a Bigoo-
paxcac 3MiHy 3apsjy €NneKTpoja il NpoTiKaKHs Ha HLOMY €JIEKTPOXiMIYHUX
peakuiii. BuMmipsny B Takux ymOBaX €MHICTh MOXKHA Ha3BaTH [OJSPU-
3aUiHOI0 eMHICTIO 200 NPOCTO neesroeMHicTio [ 174-176]. ‘

[L{o6 nocarnyt Ginbui BHCOKOT €MHOCTI, IUIOULY NOBEPXHI €JeKT-
poaa 30i1bLYIOTh, BUKOPHCTORYIOUH [IOPHCTI eNICKTPOAN 3 Hamanqaﬁgo
BENMKOIO ePeKTHBHOIO nosepxneto. Kombinailist 1BOX TakuX eNeKTpOaiB
nae MoxuHBicTh chopmypat EK i3 pocuts BHcokow emuictio. Ha
puc. 4.4 a 300paxkeHO MPUHUHMIIOBY CXEMY cynepkonzencaropa, skui
CKJIaIa€Thes 3 NPOCTOT KOMIPKY 3 JIBOMA CJEKTPOJAMH, MaTepianom s
AKHX CHYXHTb PEYOBHHA 3 HAJ3BUUYANHO BEIMKOI MIOWCIO cPeKTUBHOT
TOBEPXHi, HANPHKIAJ] aKTUBOBAaHWI Byrneub. EaekTpoau 3HaxOUATHCK B
PO3UHHI eNeKTpoIiTy i pO3/iNeH] MopucTuM CenapaTopoM, MpoCoueHHM
uum ke enextpositom. Ha puc. 4.4 6 300paxeHo nafiHHA HAnpyru B
HaMpsMi, NEPIECHAUKYIAPHOMY JIO €NEKTPOJIIB KOMipKu [173].

Breorpanis, cangpany

/

i
!
i
i
i
H
i

14B

N NN EYXTIROOE ROKT 80T
2 ETRCTD CINT O

!

o b 4 4 4 4
—DTOVOTD

..
-4
>

[

Puc. 4.4 [Mpunumnn nobynosu kouneucatopa 3 [NEHL Ta imocrpauis napinus
HANPYIH Ha CHCKTPOJI
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JAnst MOpPUCTHX MaTepianiB KpiM fIOHSTTA ICTHHHOT IyCTHHYU p BBO-
AATb TOHATTA HACMIHOI TYCTHHU Y Ta BAaBaHOI rycrunu o. Hacunmua
FYCTHHA BHU3HAYAETHCA SK BIIHOMIEHHS MAacH MOPUCTOrO Marepiany [0
Horo 06’eMy npu HOPMOBaHOMY yuibHeHHI. Boua 3anexunTs Bia topmu
YaCTMHOK Ta CHOCOOY iX yKIajaHHS | € BajiUIMBOIO TEXHOJIOTIYHOIO
xapax’regmcmxo;o. Hns akrtusosanoro Byrimns Bona cramosuth 0,4-
0,9 riem”.

Jns nopuctux MarepianiB KpiM NOHATTA ICTHHHOT TYCTHHM p
BBOUSTE MOHATTA HACHIIHO! IYCTHHHM Y Ta BlaBaHoi rycruuu 8. Hacunna
TyCTHHA BH3HAYACThCA SK BiAHOUIEHHA MACH HOPHMCTOrO Marepiany jo
#oro 06’eMy npu HopMOBaHOMY yulinbHeHHI. Boua 3anexwuTs Big ¢dhopmu
HaCTUHOK Ta cnocoly X yKNajaHHA | € BaXKIMBOIO TEXHONOTIYHOI
xapamegucmxoro. st aktuBOBaHOro Byrimis BoHa craHoBUTH 04—
0,9 r/em’.

YjaBaHa rycTHHa — L€ BiIHOLICHHS MacH NOPHCTOrO 3pa3ka 0 Horo
06’eMy, MpU BU3HAYCHHI SKOrO HEOOGXIAHO BHKMIOUMTH 06’€M MiX 4ac-
TUHKaMH 3pa3ka. BusHauyeHHs JaHOro 06’eMy NMpPOBOJMTHLCS LLISXOM 3a-
TMOBHEHHS MIKYaCTUHKOBOrO 06’€My PTYTTIO, fika He 3MOuYE BYriuis. 3a
006’eMOM PTYTi Ta Macoio 3paska OGUMCIIOETHCS BEJAMYMHA O. 3HAHHA 3a-
3HAYCHUX TYCTHH Ja€ 3MOTY OO4HMCIIMTH MOPHCTICTH Marepiany 3a A0fo-

L S5 I 1
Morow cnissigHowmenns P =1 ", TacymapHuii 06’em nop Vy = s o

Ilopucra ctpyktypa Byraeuesux Marepianis XapaKTePU3YETHCA

N0 AUCHEPCHICTIO 3 LIKPOKHM PO3NOALIOM MO 3 PO3MipaMH.
. AV : . .
3anexuicTb Aer fAgr), ne AV~ npupict 06’emy nop, r — pagiyc
1op, Aa€ 3MOry BU3HAYHTH PO3MOALN nop 3a ix pagiycamu. Sk npasuio,
MOPH MOAINAOTE HA MAKpONOpH, pamiyc skMX nepesuinye 200 Hwm,
nepexifni nopu 3 paniycom kpususnu 1,6-200 um ta Mikponopu, paaiyc
SKMX MEHUIMH HiXK 1,6 HM.

Ilpy BMKOpHCTaHHI aKTHBOBAHOTO BYTiNNA B SIKOCTI €NeKTPOAHOrO
Matepiany Juis CynepkosjeHcaropis knacudixauis nop 3a po3Mipamu
3AIHCHIOETLCS TAK: yJILTPaMiKpONOpH 3 pajiycoM, MeHwuM Hix 0,7 HM,
Mikponopu 3 pagiycom 0,7-2 Hm, me3onopu, e pagiyc 3MiHIOETLCS B
Mexax 2-20 HM, Ta Makponopu 3 paaiycom, Gilbiwum Big 20 HM [176].
Ha#Ginpur BaXJIMBUMU 1UTS yTBOPEHHS MOABIHHOIO €leKTPUYHOIO wapy
(Ha MpUHLKMII 3apsAy-pO3PARY AKOTO NPALIOIOTE CYNEPKOHACHCATOPH) €
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MIiKpO- Ta ME30MOopH, K UiIECnHpsIMOBaHO q)opmylo'rbCﬂ_ B AKTUBOBAHOMY
Byrieui. 3okpema, BOHH MOXYTb 3apOUKyBATHCA Y BUXIAHOMY Matepiani
e Ha ctajil TepMIYHOTo PO3KNaLy B Pe3ybTaTi BHAANCHHS OPraHikH. .

3riago 3 [174] Moxna 3anvicath Takuil BUpa3 aas  npouecis
nepenocy ioHiB eNeKTPOJITY, WO MICTATLCS B IIOpax efNeKTpoia:

, \. oF" Si(E
V(2 () 2|2
ox ox ax. ox F

G R &') (ar Y] Si(E)
ez e I DT = D et =2 = S
Ox ox o E™ i |

pe D' =u'RT/F - goedivient andysii, u' i J/— PYXAUBICTb i NOTIK j-TO
iona, E = EF/RT , E — noteHnian, S — nMTOMa NJ0L1A NOBEPXHI eleKTpoaa

. 2, .
[CM2/0M3], [— JokanbHA TycTHHa cTpymy |Alem™|, ¢-— KOHUEHTpallis
eneKkTpONiTY [r-ekB/cM’]. YpaxoByloud piBHicTL noTOKiB KaTioHiB i

4.4)

anionip J =J', oTpumaemo

de M c(%]*(r —/)c(?—le 4.5)

ax (D +D7) ox
ge t'— umcno neperocy j-ro iona. [liacrasusum (4.5) B (4.4) i
BpaxyBaBiuy, wo D’ =t/ kRT [cF* OTPHMAEMO
20 x(0 Efox™ )= Si( ), (4.6)

ae K — edekTUBHA eNeKTPONPOBIAHICTL NEKTPOJTY B NTOPAX.
Cycruna ¢Tpymy i Bu3HauaeThes 3apsinuoio emuictio TIELL sriano 3
BUPA3OM
i=Cyokon, 4.7
ae Cy— nwroma emnuicts TTEL Ha opunuuio naouli nosepxHi, T— vac.
['paHnuHi # novaTkoBi YyMOBM i cucTeMu piBHSIHL (3) i (4) MatoTh
Burasg [174]: : :
. -
[=20r K(%é) ’(?‘L_) =0; E(.r.r..o) = EO‘ (4.8)
% )t NOX )i
Bonun BianosigaioTh raibBaHOCTaTHHHOMY PEXHMY poOOTH nopHc-
TOFO EAEKTPOAA MIOCKOl POpMH 3 BIIOMHM Y NOUATKOBUHH MOMeHT (T = 0)
3HAUYEHHAM notrenuiany E = Ey. Tyr L - ToBumHa enekrpoaa; x = L —
hpoHTanbuuii Gik enekTpoaa, skuif obepHeHHH A0 HILOrO enexTpoja;
x =0 — fforo inwui Gik. Ilicas AeAKUX MEPETBOPEHb OTPHMYEMO PO3B’si-
30K CHCTEMH PiBHSHB (4.6) 1 (4.7):
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k=l

E,i Kt L 2L 1
E — 07y e ~Bt
e ( T ){SLC,Y+3 Wk } (4.10)

A€ i~ TyCTHHa CTPYMY HA OAMHHUIO BHAHMOT NoBepxHi esiekTpona, k —
HOMEp 4JICHa B pAli po3s’s3ky, B =(k2n21<)/ ( rc vS)

I A B Ly AN l)/M .
E,. _EO(:)[SLCS 4+ 57 j’z -5 cos(knx/L)y, (4.9)

Hns EK, axuit cknanaetbes 3 1BOX 04HAKOBHX MOPHCTHX €AEKTpoNiB
i mopucroro cemnaparopa 3 TOBLIHHOKO L,, NpOoCOYEHOro po3UMHOM enexT-
pouiiTy 3 edeKTHBHOIO ENIEKTPONPOBIAHICTIO K, 3aNCHKHICTD Hanpyru U na
knemax EK sia uacy pospsiay i 3ap$my Mae BULJISA:
U=E -E,~iL /Ks =U, —i,L /KS =

=2i,1/(LC,S) - (2, /k){L/3 ~2L/7 i[(l/kz)e“’“ ]} (4.11)

ne Eio, By, Uy=E\o-E>p— noYaTkosi 3HAUeHHS dbpouTassHuX Mo-
TeHuianis enektposis (npu x = L) i nanpyra, a E,, E> — norouxi 3uauenns
dponTanbHux noTeHuianis CNEeKTPOAIB npH pospsiai (i, >0) i sapsai

(4, <0). 3 pisusiHns (4.11) Bannmsae, wo [PH AOCTATHLO MAJMX 3HAYECH-
X L i JOCTaTHLO BENMKUX 3HAYEHHAX B BOHO nepexoputs Y PIBHAHHS:

U=U,~iLg[x;-2it/(LC,S), (4.12)
IO € XapaKTepHUM [l iAeanbHOro KOHJieHCaTOpa. [Tpu ubomy pospsaui i
3apANHI 321EXKHOCTI MAIOTH MiHIHHKMH XapakTep | Mac Miclie MaKCHMAlIbHO
MOXTHBA JULSl JAHUX €NEKTPOAIB EMHICTb HAa OJMHULIO 06’ €My enekTpoja
Cek, piBHa Cgg = C,S72. Hpn NOCTaTHHO MaNuX 3HaueHHax B pospsaui if
3apAAHI 3al€KHOCTI MOMITHO BIAXMASIOTHCA Bia NiHIHHKX, | eMHicTh EK
3MEHILYEThCS 31 36inbiieHHsM cTpymy. Beanunna B smenuwyeThes 3i
30inbienusm 3Hauenn L, C, i S Ta 3i 3MEHINCHHIM K. Lle noscHroe To
daxT, 1wo npu BHKOPHCTAHHI HEBOAHMX ENEKTPOITIB, B AKX BENMYUHA K
3a3BHYali 3HAYHO MEHLUA, HiX Y BOLHHX ENEKTPONITIB, MPAKTHUHO JiHIHH]
3apﬂ,aHo-p03p5mH1 KPHBI OTPUMYIOTbCS NPH T'YCTHHAX CTPYMY, 3HAYHO
MEHLIMX, HIXK AJI BOAHHX eneKTpont Astopu [174] cnocrepiranu 36ir
Al KpUBMX, PO3paxoBaHuUX i3 piBHsHHs (4.11), 3 excnepumeHTanbHUMU
kpusumu 1ns EK, B skux enexrpoau copmoBani 3 akTusoBaHoi BYTJle-
LeBOI TKAHHHM, IO CBIYMTH NMPO NPABUALHICTh 3pOGICHHX NPURAYILEHb
Npo  MOXJMBICTb  3acTocyBauHs Bupasy (4.11) aas po3paxyHky #
ontumizauii EK.
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§ 4.2. MeToauKy OTPHMAHHA AKTHBOBAHOIO BYTJIEII0 LIS cynep-
KOHJEHCATOPIB i3 CHPOBHHH POCHHHHOTO HOXOAMKECHHS

[TapameTpy KOHAEHCATOPIB, L0 TPALIOIOTH 32 NPHHLUMIOM 3aps-
ay/pozpany. MELL susznavaotees (i3UKO-XIMIUHHMH  BJIACTHBOCTAMHU
EJNIEKTPOAHOrO Matepiany (naoia po3BUHYTOI MOBEPXHI, PO3NOAIN Mop 3a
posMipami, ripoQilbHICTL NOBEPXHI, CNEKTPOHHA CTPYKTYpa ¥ T.1.), B
STKOCTi SIKOTO, B NEPeBaXCHiH OiNbIUOCTI BUNAAKIB, BUKOPUCTOBYIOTH aKTH-
BoBaHe Byriua [137, 177]. TlepeBaru akTHBOBaHOIO BYFiJIIA Hal iHIHHMH
EIEKTPOJIHMMY MaTepianami (niojlimepu, okcuan Ru i Iry monaraiors 8
foro ximiuniH crifikocti, sika 3abesneuye Onokysanus apageiBCbKux
npouecis Ha MidasHiil rpanuil B A0CHTL LIMPOKHX BOJbTAXKHMX Alana-
30HaX, BIJHOCHO BHCOKIfi ejekrponposignocti, AeieBusHi. Kpim Toro,
AaHUi Matepian Jerko TiARAETLCH PI3HUM TEXHONOriYHMM 0B6pobkam
(Tepmiunili, nasepHil, XIMI4HiH), 1O AO3BONSE LINECOPAMOBAHO 3MIHIO-
BaTH HOro napaMmerpu.

BuxigHoo cupoBuHOIO ISt OTPUMAHHA AaKTHBOBAHOIO BYIiA MO-
XKYTh CIYXKHTH PI3HOMAHITHI PEHOBHHH K TPHUPOAHOrO, TAK i MITYYHOroO
noxomkeHHsa. 3okpema, ue denondopmanpieriiHi cMoau, rigparienio-
N03a, caxapo3a, nepeso, ¢pyKToBi KicTodkH Towo. Bubip panux peuoBuu
JUKTYETBCA IX BHXIJHOI CTPYKTYpPOM, sika BH3Hadae PO3MOALN Nop 3a
posmipamu. TpaauuiifiHo CHUPOBMHA HArpiBacTLCS O TeMmnepatyp, HpH
AKX BOHA KApOOHI3yeThCA i aKTUBYETHCS B NPHCYTHOCTI MOPOYTBO-
proBavya. Sk MOpoyTBOpIOBaY BHMKOPHUCTOBYIOTh BOASHY Mapy, Byrie-
KUCIIUHA ra3, KHCeHb, IPOAYKTH 3rOPAHHA nponaHy i T. .

VY pesynbTati B3a€MOAIT MOPOYTBOPIOBaYa 3 ByrieneM BiabysacThes
€pO3is NMOBEPXHI BYIIewio, CTYNiHb SKOT 0OCpHEHO NponopuiliHHii akTHB-
HocTi mopoytBopioBaua. ToMmy BuGIp NOpOYTBOPIOBAYA BH3HAUAETHCS
€HEPricio aKTUBALIT BYIJICLIO 3 THM UM IHIUMM I'a30M, sikHH Oyiae BHKO-
pucrosysaTtucs B iloro skocti. HIBuakocti peakuii # eneprii akrupauii
nojaui B Tabnuui 4.1.

Tlepmia 3 HaBeaeHUX peakuwid € EK30TECPMIYHOIO, a TOMY udepes
JIOKanbHUH NeperpiB BYTiNbHUX YAaCTHHOK (OPMYBaHHS Mop 3 ii BHUKO-
PHUCTaHHAM ManoedeKTHRHE.

Halibineir npuaatHHMKM JUIR akTUBAUl BYFians € BoasHa mapa M
Byrnekucnuit ras, sixi, 6yayud AOCTYNHUMU U AeuieBdMH, 3abe3redyrors
YTBOPEHHS! 1OP MO BCbOMY 00’ €My BYTiIbHHX HaCTHHOK, 60 1X B3acMOjis 3
BYUIISIM BiAOYBA€THCS 3 NOITIMHAHHAM TEnJa.



 Tabnuys 4.1

Euepris aktupauii i BigHocHa WIBUAKICTS peakwiii BYTELO

Peaxuis i exepris Eneprin BigsocHa weHAkicTs
Peakuis : aucolliauil, aKTUBALIT, peaxuii ripu 800 °C i
. KKaJ1/MOSIL KKaJn/Moib 0,1 atm., -
C+1/20,—~CO 1/20,—0+AH=59 50-58 10°
CHH0-CO+ H; H,0 80 3

” —H,+O+AH=116
C+C0,—2CO__ | CO,—CO+AH=126 86 1

CHN;0—CO+ N, | NJO—N,+O+AH=39 |  40-50 -

Bsaemopnis BoAAHOT Mapy 3 BYrinysM oMUCyeThes GallaHCOBOIO peak-
i€
C+Hy0-CO+H, -31180—=2 . (4.13)
Ke * MOllb
Y pesyibTari, B CTPYKTYpi MaTepially yTBOPIOIOTbCS TopH, siKi 36imb-
LIYIOTHCA B po3Mipax, TOGTO NPOXOAHTE PicT IXHBOMO edexTHBHOrO Aiamer-
pa i, BIANOBiAHO, 36iNbIIEHHS ffOro NUTOMOT nosepxHi. Temneparypy npo-
Hecy akTHBaLii miATpUMYIOTh ¥ Mexax 1073—1273 K. MakcuManbHe 3Ha-
YEHHs €MHOCTI Ha OAMHMLUO MJIOW NOBEPXHi AOCArACThCH B pasi, Koau
BTPAaTH Macu BHXiAHOT CHPOBHHHU CTaHOBIATE 60—90 %. BaxcMBoIO xXapak-
TEPHCTHKOIO € AMCIEPCHICTb BUXiAHOT CHPOBUHM, KA ICTOTHO BILIMBAE HA
OIHOPIJIHICTE BJACTHBOCTEH OTPUMYBAHOIO nopowky [177]. Tak, npu
aKTHBaLiiHii KapOoHisawii CHPOBHHU APiOHOrO MOMOJY, SIK NPaBUIIO, aK-
TUBYETLCA BECh MaTepial, Npo WO CBIAYHMTH PO3NOALN Nop 3a ix posmipamu,
TOJII AIK aKTHBALlisi TKAHUH BiA6YBACTHCS HEPIBHOMIPHO 10 Niepepisy BONOK-
Ha. ILIBUIKICTS aKTHBYBAHHS BOAAHOIO NAPOI0 MOXKHA 30IILIINTY Maiixe y
J1Ba pa3H, NONEPE/IHbO MPOCOYMBILM BOLOIO BHXIJHY CHPOBHHY, KpiM TOro,
B PSiMi BHOAJKIB JJIA JOCATHEHHS MOTPIOHOT aKTHBHOCTI BHKOPHCTOBYIOTh
iHri6itopu. Cepen iHIMX CrocoGis aKTHBYBAaHHA CHiJ BUALNMTH npouecy,
WO BKIIOYANOTL AKTUBALIIO XJIOPHIAMHM METaliB, CIpUMCTHM rasoMm abo
rasoM, sikuif MICTMTL TpuBaneHTHH pocdop [177]. Inoai MpOLECH aAKTH-
Bauii i kapOoHizauil pisHaTecs i B yaci, MPHYOMY OCTaHHi} mpouec npo-
BOIATH y BakyyMi abo inepTHOMy rasi npu Temneparypax < 873 K. [pore
KapOOHisaLis i aKTHBALLA B OJHOMY LMK 3 BUKOPUCTAHHAM BOJSHO napu
€ HalGi/IBI BAANMM NPOLECOM OTPUMAHHS aKTHBOBAHOTO BYT/IELO.
Ha puc. 4.5 nokasana cxema Takol akrusauir. Ineprhuii ras (asor,
apro), W0 nojacthbes 3 6anoua 1, nponyckaerses yepes NoCcyxuHy 3 3 Bo-
21010 4, AKa 3HAXOAMTLCS B YTPHMYIOUOMY PE3EPBYapi 2, TAKHM THHOM, 110
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Puc. 4.5. Cxema kapOonizauii # axrupatil Byruis: 1 — 6anou
3 iHePTHHM rasom (apro, azoT); 2 — pesepsyap; 3 — nocyn; 4 - nona;
5 - enexrponiv; 6 - puxinHuii marepian; 7 - manomerp; 8 - kpanu

NP KOHTAKTI rasy 3 BOJOI 4 B NOCYMMHI 3 yTBOPIOIOTHCH 6yJ¥h6aumu.
Slkwo Temniepatypa 8 pesepByapi niarpuMyeThes na pisti 50 °C, ineprauid
ras, B sKOMy napuiaibhuil THCK BOASIHOT napy ctaHoButh 90--92 MM pr. 1.,
nojaerbest B podounit o6’em 1iedi 5. CupoBura 6 BUTPHMYETHCS B UHX
ymosax 10-30 xB npu rtemneparypt 780-820 °C no sasepuieHus aKTH-
BauUil. MatoTb Micue H IHINE MOXJIMBOCTI OTPUMAHHS AKTHBOBAHOIO BYTiN-
151, 30KpeMa, Ha puc, 4.6 300paxcena cxema, e 1oj4aqa BOASHOT napH 3ic-
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4 3
Puc. 4.6. Cxema kapOonizanii it akrusawil Byrinns: |- 0ano# 3 iHepTHUM
razoM (aprow, azor); 2 - npHCTPIi s BHTIAPOBY BAHHA BON; 3 - BOIA,
4 -~ HOPHCTHI NOIIHHAY (CKIOTKARKWHA); 5 - Rarpisay; 6 - BXULHMiT 0TBIp;
7 - BUXUIHAH 0TBIP; 8 - niuka; 9 -~ BHXLIHMIL Ma'rcpmn;.l() - MAHOMET);
11— kpann; 12 - perynsaiop norTyxuoctl
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HIOCTLCA 3 AOMOMOIOIO NPUCTPOIO JUIst BUNAPOBYBaHHs 6, sikiii ckna-
AACTHCA 13 3aAMKHYTOT NOCYAHHK 2, IOPUCTOrO fornuHaua 4 (CkioTkatuHa
YK IHINUH nOrAMHAY) i Boan 3.

Boza 3 3HaxoauThest B HenosHoMy koHTaKT 3 moriuHauem 4, 3 AKHM
Y TaKOMY K KOHTAaKTI 3HAXOAMTLCs HarpiBad 5. luepruuii ras (aprdH, azor)
3 6§nona' I wanxoantb y npuctpiit BuapoByBaHis Boau 6 uepes BXiaHMH
oTBIp 7 1 Yepes BuXiaHui oTBip 8 Hociit i Boagua napa nopalTLCs B po-
Gouy somy meui 9, jie CHpOBMHA AKTHBYETHCH nporsirom 10-30 xB npu
TeMnepaTypi 800'°C. Perynstop notyxuocri 11 warpisaya 5 gossonse
TOYHO /103yBaTH KiTLKICTb BOASIHOT NApH B OAMHALLIO Yacy.

Jliist OTpUMaHHA aKTHBOBAHONO BYHiJUIs s enextpontis EK, ske 6
3abesneuyBano iX BHCOKiI ekchmyaraiiiini XapaKTepUCTHKH, Hamu Oyia
cxogm‘pyi’:omua yCranoska anst cymicHoi kapGouisauii il axtupanii
BMXIJAHOTO mMarepiany ($ppyxrosux kicrouox) (puc. 4.7 a) [178]. Buxinunii

%/7
——
1o cucTeMn T Y
KOWTPOSIIO THEKY
e I3

=0

5
> =
®
[

a 6

i

0o0e g ool

Puc. 4.7. ‘Cxema yCTaHoBku fsist kapOoHizauil it akTusauii By renesoro
Matepiaiy: a - 3arajibHui BUIIA; 6 — CACTEMa KOHTPOMIO THCKY.
1 - Byrnenesuil matepian; 2 - KaMepa 3 BUXiJHUM MartepianoM; 3 — niuka:
4 — npy>xuna; S ~ npoknanxa; 6 — MaHOMeTp; 7 — peryaarop cTucky

Marepia, nonepeHLo noApiGAeHn MexaHidHuM €cnocodoM, noMitascs
B KaMepy 2, sika Harpisanacs 8 miuni 3. KapGowisatis it akrusauis kictou-
KOBOro Matepiajly NpoBoiaTses B armocdepi BoAsHO! napu B Mexax
3HAYEHD THCKY 5-20 arm. JIng uboro B kamepy 2 Pa30M i3 KiCTOYKOBUM
MaTeplanoM 3a71HUBAETHLCS BOjJa B KiﬂbKOCTi, sika 3abes3neqyuTs npu rem-

154

neparypi 800-880 °C cruck y peaxropi B Mexax 5-20 arm. CrpasicHus
BOAAHOT napu BiAOYBaeThCs uepes kjauan |, AeTansHa cxema fAKoro
sofpaxcetia Ha puc. 4.7 6. Crpasnedns BOAAHOT NAPH  KOHTPOJIOETHCS
NPYAAHOIO 4 3 BIANOBIAHOW MOPCTKICTIO, CTHCHEHNSA AKOT PEryJioeThCs
rerHTOM 7. ITokasu THCKY BOJASHOT 1apH KOHTPOIOIOTHCH MaAHOMETPOM 6.
Konu THCK napH rnepeBriLy€ 3a/1aHi 3HAUCHHS, NPOKJIAAKA 5 MiiHIMACTbCS,
punyckaioun napy. JKopeTkicth npyxuumn, napamerpu kapGonizauii i
aKTHBALIT MiAOUPANHCE EKCNEPUMECHTANILHHM LINSXOM.

BuxignuM marepiaioM juls akTvBaliiioi kapOoHisauii ciy»Him Bia-
XOAH XapUOBOT fIPOMUCIOBOCTI (KICTOUKH BHILEHD, YEPEIIEHb, CIMB, abpu-
xociB). Kicroukn 10piGHioBamich, ouHlyBanucs Bijl M’ sKoti il pasom i3
JIMCTHIILOBAHOIO BOAOIO MOMinLamich y kamepy 2. Beanunna emnocri EK, -
aKy 3a0e3medye iM OTPUMAHE TAKUM YHHOM aKTHBOBAHE BYTiJUIN, 3aNEKHTD
BiZl Temmeparypu fipotiecy, sk nokasano Ha puc.4.8. Sk suaHo, mik
€MHOCTI 3HAXONThCS B Temneparypromy inrepsani [ 120-1140 K ana Beix
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Puc. 4.8. 3anexuicts nuromoi emuocti EK Big remueparypn axrnsautitnoi
kapOoHizalii: | — KicTOUKN BHILHI; 2 — KICTOMKH Hepenini; 3 - KICTOUKH CIHE,
4 - KICTOYKH BHHOTpaLY; S - ay6

BH/IB BUXIJHOT CHPOBHHH. YCTAHOBICHO, 1O HAWBHILY NTUTOMY €MHICTH
Mae BYIJIEUCBMH marepiall, OTpuManuii 3 Kicrouox cnusu (rabn. 4.2).
TakuM uHHOM, NPOBEACHHS akTHBaliiiHOT KapOonizauii nNpU BHCOKOMY
THCKY (515 arTM.) N03BOJAC OTPUMATH AKTHBOBAHE BYIIANS, B AKOMY
$OPMYETLCS CHCTEMA T1OP 3 OITHMAILITHM 1X PO3MOAIIOM 11O BIAHOWMEHHIO
JIO pO3MIpY 1OHIB ENEKTPONITY.



Tabnuys 4.2
Hapamerpu EK i3 Bognum posunnom riapoxeuiy kaniio B 3anexHocTi Bijl
BUAY MOAUdIKaLil AKTHBOBAHOIO BYriJiig

_ BuyTtpiwnii
. Iuroma ITwroma :
Buxigna N , . ortip R, Om
Moaudikaiis ABM €MHICTh, eHepris, .
CHPOBUHA O/ T {Tunoposmip
L425257’) B
= uncTuit ABM 66 28.81 0.1
X BUCOKOTEMIIEpATYpPHA
eyl
e g NI0aKTUBALIS 1ipy 673 K 205 85.15 0.38
g nerysanus 0.5 % Mn 190 85.73 02
Jla3epHe OPOMiHEHHS 193 88.93 0.12
< WCTHHABM =~ | 73 33.61 0.1
o BUCOKOTEMTIEpATy pHa
F I
e g ZoakTHsauis npu 673 K 185 80.73 04
'5 = nerysants 0.5 % Mn 180 81.22 0.21
flazepHe ONPOMiHEeHHs 185 85.24 0.13

§ 4.3. Moaudixanis HaHOROPUCTOro BYIewio WASXoM ioro
TepMidHOl JoaKTHBaNnii

AKTHBOBaHHH BYyIJielb, OTPUMAHHH 3i CHPOBHHHM POCAHHHOIO TIOXO-
AXKEHHS LUIAXOM i cymicHoT kap6ouisauii i axrupauii, anexko He 3apuay
BOJIOJIE XapaKTEPHCTUKAMH, HEOOXiAHUMHU ISt 3a0e3ned4eHHS BUCOKMX
excrulyaraliiinnx napamerpis EK, wo npauooTs 3a npuHiumnom 3apafy-—-
po3psiny HELL Tomy BuHnKae HeoGXigHICTbL akTHBaLiiHOT Moaudixanii
OTPUMAHOIO BYTNEUO, OAHIEID 3 SKMX MOXe OYTH Horo aomaTkoBa
BHCOKOTEMIepaTypHa 06pobka (BTO), sixa icrotHo BrutMBae Ha po3mipu
poGOUMX | TPAHCIIOPTHUX MOP TA CHBBIMHOWIEHHS MiX TX 06’eMaMu.

3 Ui€I0 METOI0 B HALIMX eKcriepuMenTax [179, 180] axTuBoBaHe By-
riis, NOMilleHe B KIOBETY 3 HEpXaBitouol crali, HarpiBasocs B jianasoui
remniepatyp 300-800 °C 3 ¢ikcosanum nocrynom mnositps. Harpis o
3ajlaHoi Temneparypu BiabyBasca 3i wmsuakicrio 10 K/XB i micas foro
BUTPUMKY Np# BKasaHUX TeMmnepatypax 70—-120 XB BiH 0X00/4KyBaBCS B
pexuMi BrKmoueHoi mivku. BTO niggasanocs Byrinns, OTPUMAHE aKTHBA-
uitHOIO KapboHisauicio (GpyKTOBMX KicTOUOK, Ta BYTULIS, OTpUMane 3
deHonpopmanbaerianux cvmon (AYCOEP).

TecryBanns momndikosanoro syraeuio APOBOMIIOCS HUIXOM BHMI-
pioBanust emuocti Bianosiguux EK, mo 6yan Burorosneni s Kopnycax
THTIOPO3Mipy “2325” i JOAATKOBO repMETU30BAH] LIIAXOM IpocouyBaHHs
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CEKTPOI30AUIHHOT IPOKNAJKH POIUHHOM I'YAPOHY B TONYON. EiekTponu
EK ¢opmysanucs y dopmi amenbok i3 Cymili JOCAIKYBAHOTO BYrinns,
CTpyMONpoBiAHOi jgobGasku (auerunenosa caxa, rpaditr KS-15 ¢ipmu
“Lonza”) Ta 3B’s3ytouoro marepiany (dropnnact ®-42J1) y cnissig-
Howenni 75:20:5 Barosux BiacoTkiB. Enexrponitom cayxus 30 % soanuii
posunH KOH + 0,3 % soanuit pozunu LiOH. Y tabnuui 4.2 ra na prc. 4.9
MOKa3aHo 3aNeKHOCTI NUTOMOT emHocTi EK st akTHBOBaHOrO BYrins,

futoma emsicTn O/r
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<
L

-zol 0 ,20.4.0,6.0 B 100 20 10 60 180
Hac poaKTMeaLyl (xe.)
200 4
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Nuroma emuicTs Dir

1404
130 -
120 4
110
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* T 1 T
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Temnepatypa poakueauli (°C)

Puc. 4.9. 3anexuicts 1MTOMOT CMHOCTI CYTICPKOHICHCATOPIB Ha OCHOBI
TEPMIYHO NORKTMBOBAHOTO BYIJICLUO BifL wacy (a) if Temuepatyp (6)
AoaKkTUBAWIT: | — aKTHBOBAHMIA BYTJIELb, ONCPKAHKI i3 ABPUKOCOBUX
KiCTOYOK; 2 ~ aKTHBOBAHUHA BYIJIEUh OMEP)aHHit 3 KICTOYOK BHILHI;

3 - akTHBOBAHUI BYrICUD, OACPHKAHUA 3 PeHondopManbICriiHuX
€MOJ1; 4 — AKTHBOBAHUI BYTJICLb, OACPKAHUM 31 CAMBOBHX KiCTOUOK

157



OTPHMaHOI0 3 (PYKTOBUX KICTOUOK, 30KpeMa abpHKOCIB, BHILHI Ta C/AUBM
Bif temneparypu BTO ra tpusanocti. BTO pesyabratu nposegenux ao-
CHDKeHb MoKa3any, wo nutoma emuicts EK focsrae croro makcimymy
npu Temneparypi BTO 400-500 °C i TpupanocTi BHTPMMKH npu AaHiil
Temnepatypi 70-120 xg. TIpupoano AONycTuTH, WO TIPH BKa3aHMX napa-
MeTpax rnpouecy (uac, remnepatypa) BTO dopmyerses cucrema nop 3
ONTUMAILHUM CIBBIAHOIEHHSIM MiX 00’ €MHUMU AOAMH YILTPAMIKPO-
nop (> 0,7 um), mikponop (0,7-2 um), mesonop (2-20 Hm) i MakKpomnop
(> 20 um), saxe cknapae 15:40:20:25 Tta 3abesneuyeTbcsi ONTHMANbHA
ycTHa CTaHis nobsnusy pisua ®epwmi. KpiM toro, onTtumisyerscs pos-
Mot pobOUMX NOP 3a IX AiaMETPOM, TaK 1O MAKCHMYM HOro mpuimajae
Ha dey™1,5-2 HM, WO, a9k Binomo [176], cnpusie BHCOKOMY 3HAYEHHIO
eMHOCTi KoHAeHcaTopis i3 [MELU. 3asasku BTO saanocs cyrreso nonin-
LUMTH MUTOMI XaPAKTEPUCTHKH AKTHBOBAHOTO BYTiNS H AOCATHYTH [HTO-
Mol emuocti 180 Ta 205 O/r ans Byrinis, OTPUMAHOrO 3 BHLIHEBMX Ta
CAMBOBMX KICTOUOK BIAMOBIAHO (Tab. 4.2).

Ockiflbki JOCATHEHHS ONTHUMATBHOrO PO3NO/LINY MOp 33 PO3MipaMu
3ANeXKHTb BiA BHXIAHOrO CTaHy TMOPUCTOI CTPYKTYPM, TPHBAIiCTh
MOaKTHBAWIT BYTiLISA, OTPUMAHOr0 3 Pi3HUX COPTIB BUXiAHOI CHPOBUHH,
pisHa. OnTumanbHa TPUBANICTL AN A0AKTUBAUL BYrijisf, OTPUMAHOIO 3
BUIIHEBUX Ta CHMBOBHMX KIiCTOYOK, CTaHOBUTL 60-90 Ta 100-120 xB
BiANOBiAHO (puc. 4.10).
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Yac poakrusauii, xs
Prc. 4.10. 3anexnicTb MMTOMOT EMHOCTI aKTHBOBAHOIO BY i, OTPUMAHOIO
3 ¢pykroBHX Kictouok npu T=1150 K, sin pexcumy BTO
npu 400°C: 1 - akTuBOBaHe BYTINIA, OTPUMAaHE 3 KICTOYOK CIUBH;
2 — aKTHBOBaHE BY P, OTPUMAHE 3 KICTOMOK BHLIH]
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Ha puc. 4.11 306paxeno sagexuicts nuromol emuocti EK ans axtu-
BOBAHOrO BYIULIA, OTPUMAHOIO akTHBALLIiHOIO KapOoHizaticio erondop-
Manbjeriniux cmon (AYC®DEP), Bin remneparypu ta tpusanocti 06-
pobku (a), a Takox 3aps/pospsani kpusi (puc. 4.12), o Xapakrepu-
3ytoTh noseninky EK 3 enekrposamit Ha OcHOBI 33a3HAYEHOr0 AKTHBOBAHO-
ro Byrimns  po # micns nposesetns BTO npu Temneparypi 773 K i
TpUBANoCTi BUTPUMKK 40 XB. SIK BHNIMBAE 3 HABENCHHX KPHBUX, EMHICTb
KOHJAEHCATOPA, CJICKTPOAH SIKOI'O BUIOTOBJIEHO HA OCHOBI aKTHBOBAHOIO
Byrinns Tuny AYCOEP, niananoro BTO, spoctae npubansio na 75 %.

Puc. 4.11. liarpama zanexnocti nuromoi emuocti EK Bin
uacy i remneparypu ngoaktusauii ABM tuiry AYCOEP

OrpumMani pe3yJbTaTd BKasyloTb a TC, WO BiANOBIAHMM MiAGOPOM
pexumMiB BTO ans KOKHOrO THNY BUXIIHOT CHPOBMHM MOXHA BinHaliTH
YMOBH, TIDH SKHX PO3NOAIT POGOYMX NOpP 3a iXHIM AiaMeTpoM € onTh-
MallbHHM s BUOpaHoro Tuily enekrponity. Kpim Toro, momudikauis
aKTUBOBAHOTO BYFULIA BKA3aHUM YHHOM A€ 3MOI'Y ROCATTH HEOBXiHOTO
A JJAHOTO  ENEKTPOJITY CHIBBiTHOWCHHS MK OB €MHUMH  HONSMH
pobounx mikponop (0,7--2 M) i Tpancnoprux nop (> 20 um). lle 3abes-
nedye NiJBHIIEHHS TUTOMOT €MHOCT] GAEKTPOXiMIYHMX KOHIEHCATOpIB Ha
3575 % y nopiBHAHHI 3 BUXIHHM MaTepiaiom.
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Puc. 4.12. Burssp 3apsafHO-pO3psIHUX KPUBHX, ILO XaPaKTEPU3YIOTh
nosedinky EK Ha 0CHOBI UBOT0 5K BYTiJLIS 10 BUCOKOTEMIIEPATYPHO]
noakthBalii (Cyyr, = 105,56 O/1) # micns BUCOKOTEMIIEPATYPHOT 1OAKTHBALLT

npu TemnepaTypi 773 K it vaci poakrusatii 40 x8 (C,,, = 188,89 ®/r)

§ 4.4. Biaus nerysanns K, Mn i Cr na Baacrusocri aktuso-
BaHOI'O BYIJIenio

Y Garathox Bunaaxax npu ¢opmysanni EK y cknag esexrponis EK
BBOJAThL €IEKTPONPOBiAHI J06aBKH, 30KkpeMa, rpadit, aLeTUICHOBY caxy
Ta IHUII KOMIIOHEHTH JUIA 3MEHIUEHHS TX BHYTPILIHLOrO Onopy. 3a3Ha4eni
100aBKH, 3MEHILYIOUH OIp €JIeKTPOJa, NMOMITHO 3HHXKYIOT 1 MHUTOMY
emuicts EK, ockinbku IXHifi BMICT y KOXKHOMY KOHKPETHOMY BHMMNAAKy
Moxe caratu 20-25 % Bin 3aransHOT MacH enektpoza. Llg obctaeuHda no-
CIYXWIa NOUTOBXOM [l MOLIYKY anbTepHATHBHHUX BUpIlIEHEL AaHOI
npoOneMH, OHHUM 3 AKX € NEryBaHHs aKTHBOBAHOIO BYIJICIIO METAIAMH.

Bubip Tex uM iHIIMX METalliB ANS JCrYBAHHS aKTUBOBAHOI'O BYTJiE-
[0 BU3HAYAETHCH MOXJIMBICTIO 36uabLIedHs nutomol emuHocti TTEL! 3a
paxyHOK 30ibIUEHHS KOHLEHTPaUii BUILHUX HOCIIB Y MPUIOBEPXHEBOMY
wiapi akTMBOBaHOro Byrieio. 3okpema, BUbIp kaniro 6yB npoanKToBaHHUi
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HOTO 3AATHICTIO JIErKO BIUAATH €AHHHIT 4S-€1eKTPOH | cyMicHicTO Jiero-
BAHOTO TaKUM YHHOM aKTHBOBAHOIO BYFJICLIO 3 BOJHHM €NEKTPOITOM Ha
ocrosi KOH, sikuii mupoxko sukopucrosyernes 8 EK [181].

IHxekuis Katito B CTPYKTYpY aKTHBOBAHOrO BYTijUs 3iHCHIOBaNACh
AK naxom  #oro npocouysanus 30 % somuum  posdnnom KOH i3
HaCTYIIHHUM HArpiBOM y BaKyyMi i3 3a/HIIKOBUM THCKOM HE BGiAbIIMM Hij
107 mM pr. ¢T. 1o temniepatyp 400-600 °C, Tak i cnikaHHAM CyMilii akTu-
BOBAHOTO BYriJUIs 3 kpucTaniukum KOH npy skazanux TeMieparypax. EK
dopmysanuca y craspaptHux kopnycax Tanoposmipy 2525”7 ta B
CNCLIANLHO BUTOTOBJCHOMY MaKeTi 3 pPobOuOId MOBEpPXHELD CHEKTPOAIB
3,63 em’. Bumipiosanns napamerpis EK nposoaunsocs Ha BUMIpIOBab-
Homy komnnekct “MACCOR?, axuii 8 aBroMaTHuHOMY pexcumi 3aikc-
HIOBAB KOHTPO/b 33 HANEPE) 3a4aHOI0 TPOrPaMOIO PIBHOMAHITHUX PEXH-
MiB gociimkens. Jani BuMipioBai, ycepeanioanies no 10 3pa3Kax, Bij-
KMa104H Halsuidi # nalimnidi snadenns. Ha puc. 4.13 306pakena sajiex-
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Puc. 4.13. 3anexuicts emuocTi EK pig TeMIeparTypm
Iokerui: 1— irkekids 3 30 % pozunny KOH; 2 - inoxekuis
nsxom criikaius AR is KOH

nicte emuocti EK (C, — emuictn kouTpoabLioro EK, surorosichoro za
CTaHNAPTHOIO METOJMKOIO) BIL TEMNCPATYPH, IIPH sKili NPOBOIMNACH
inxekuis. Sk BUAHO 3 pucynka, npH TeMIeparypax imxekuit y ainsaui
500540 °C emnicrs EK 3 enextponitom na Gasi 30 % sopnoro po3uHHy
KOH spoctac na 11-16%. hokekuisn katito uepes cuikamus KOH 3
aKTUBOBAHMM BYTiiaM Meuil epekTHBHA i Aac spocranHs emuocti LK
muie Ha 4-6 %. Jlani BUMipOBaKHbL BUYTPILINBOTO OfoOpy HAaRCACHI B
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Tabnuui 4.3, 3 sxol BUAHO, WO BHYTPiHIK onip EX npu inxerilil kanioo 8
aKTHBOBaHE BYriias depes cuikanus kpucraniuoro KOH 3 aktuosasoro

BYTiJIS IPAKTHHHO HE 3MIHIOEThLCS.
Tabnuys 4.3

BryTpiwnid onip EK tunopo3mipy “25257, BUFOTOBJIEHHX 3
1HXKEKTOBAHOT0 aKTMROBAHOIO BYFiJUIs

, . . .| Onip npy ivxexuil
Pozpﬂ‘mmﬁ On;porzfu m:xer:uu crikanHam KOH 3 | Onip KOHTPOJILHOrO
CTpyM, mA 3 KOLP(OS;;;I y AKTHBOBAHUM 3paska (OmM)
Byrimasm (Om)

20 0.025 0.050 0.049

50 0.028 0.052 0.05

100 0.029 0.056 0.055

200 0.033 0.065 0.061

300 0.04 0.08 0.075

Ha puc. 4.14 nokazaHo 3MiHy €MHOCT!I BiJi BEAMUUHH PO3PAAHOIO
cTpyMy. Sk Oauumo, iHXEKUis Kadilo ApUBOAMTL A0 OlibuLy [IaBHOrO
3MEHILEHHS €MHOCTI BiJ BEIMUYHUHU PO3PIAHOrO CTPYMY B MOPIBHSHHI 3
koutponsHumu EK, mo no3sonsie BukopuctoByBaTH iX AnA poGoTH B
PEXUMaX NiABULIEHOT HOTYXKHOCTI.
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Puc. 4.14. 3anexuictb emuocti EK Bl BesivunHM pO3pAIHOro
ctpymy: |~ irmxekuist 3 30 % posuuny KOH; 2 — inxekuisa wisxom
crnikaHus aktuBosanoro Byrumis 3 KOH;

3 — koHTposLHKI 3pasok EK
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Hepesnuka smina emnocti i snyrpiwnsoro onopy EK, cdopmosarnx
Ha OCHOBI aKTHBOBAHOTO BYIiJUIs, ()!pmxmnmo UHISXOM HOro CllikaHusg 3
kpucramuunm KOH, imosipho, nos’s3ana 3 Tum, 1o npu Janomy criocobi
BBC/ICHHSI KAit0 B TOPH NOAAJAC HE3HAauHa fioro YacTHia.

He sukmioueno, wo B npoueci cnikaius Binbysacrhes nepebyjiosa
CTPYKTYPH aKTHBOBAHOIO BYIiLIS B HAnNpsiMi Nepeposnofisy nop 3a ix
PO3MIPaMH, NIPO 1O CBIAMHTE HEMONIMBICTD BIJJHOBACHHS OT0 BUXiAHUX

XapaKTCPUCTHK LLISIXOM BIAMUBKYH B AMCTHIJILOBAHIH BOAI 10 HEHTpaL-
Horo pH 13 HacTynHo0 TepMoI0aKTHBARICIO.

Inwa mMoxmeicTs, sika Oyiia BHKOPHCTAHA HAaMM IR MOKPALLEHHS
xaparepucruk TTELLL, monsrana y sukopueranui qng nerysamus akru-
BOBAHOTO BYTVICLIO METaNiB, siKi BONOAIIOTHL WHPOKIM CIIEKTPOM CTYTIeHs
oxucienns [182]. Tlpeacrasunkom nanoi rpynu metanis ¢ xpowm, BIPO-
BAJOKCHHA AKOTO B aKTHBOBAHWIT BYricib, 01pnMa1mM 3 (pPYyKTOBHX
KICTOYOK npu Bucokomy (~ 10 atm.) THeky, 3ificHIOBAIM XIMIYHIM cro-
cobom [183]. 3a uicto meromukoio Buposamkenns Cr y Marpuuio AB
fIPOBOJIHIMM 3 BOAHOTO po3unHy coni Cry(SOy); HuisixoM BUTICHEHHS XPO-
MY LHHKOM Yy KHCJIOMY CepepoBuui. OTpuManiii 0caj po34uHsin y BOAi y
BIZUMOBIIHUX  NPONOPUISIX, MEPEMIlIYIONH 3 aKTHBOBAHHM BYIUIISM, |
Cyuunu npu remneparypi 140 °C no nocriiinoi macu. 3 orpumanoi cyMmiLui
dopmyBanncs enckrpou B nikenesiii citi y dopmi namesnok, mics 4oro
NPOBOAMIIOCH X npecyBanus 11p Tiucky 1500 -+ 3000 arm. Burotoshesi
CNEKTPOIH NIUIABAINCS TepMOBaKyymiilt o6pobii Ta [IPOCOUYBAIUCEH
CACKTPONITOM 1pOTAromM 25-30 roa. Sk enekrponir BHKOPHCTOBY BABCA
30 % pozunn KOH 'y Boai. Onepmani asa  ijentiuni €NeKTPOLH
POBANIANNCA CENapaTopoM 3 azbecToBOro nanepy, [IPOCOUEHOro PORYUHOM
CNICKTPOJITY 3 HOJANBLIOIO IX repMeTH3alicio B CTAHAAPTHHX KOpPIycax
THIOPO3MIpPY “2525” npu eusi crieky 200-300 atm.

Morenuiopuuamingi kpusi ta soantdapauni XapaKTepUCTHKN Cy-
NCPKOHACHCATOPIB  JOCHLKYBAINCS 3 JONOMOIOIO HOTEHIIOCTATY
AUTOLAB PGSTAT 100. Kpim T0ro, BHBUANNCA 3a0GKHOCTI TX NHTOMOT
EMHOCTI Ta BHYTPIIHBOIO ONOPY Bl BMicTy XPOMY B aKTUBOBAHOMY
BYFJIELll, Ha OCHOBI sikoro BoHK copMoBani. Y H0CHiuKeHHAX BHKOpHC-
TOBYBABCA AKTHBOBANMI BYIieUb, OIPUManuii 3 (PYKTOBHX KICTOUOK
(BHLLIHI, Yepenini), a TakoK BYrijIs, OTpHMaHe 3 denondopmansperianmnx
cmon (AYCOEP).

Ha puc. 4.15 306paxeni [, E kpusi, 30smi norenniogsnaMiunmm Me-
TOROM B inTepBani notenuianis -1 B — +1 B npu wsuakocri pO3roptKH
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notenuiany 0,001 V/c signosiano ans uucroro syrians (1) i ans syrius,
nerosanoro Cr (2). Sk BUAHO 3 pucyska, B Ainauui norenuiaiis -1 B -
+0,6 B nns neropatoro Cr axrusosanoro Byrinas sanexuicts I, E B
npAMOMy i obepHeHOMY HanpsiMKax sisjisie coboo npsaMy, napanenbiy A0
oci E, a crpym 1=0, wo cBiguurs 1npo BiacytHicTs (apageiBchkux
NPOLECIB y KOHACHCATOPHill cucremi. JIisi HENEroBaHoro akTHBOBAHOTO
BYTUISL TPAHULI HAnPYXEHOCTI eNeKTPUUHOro nojis E, B skux BiACyTHi
dapaneiseski peakuii, 3Hauno Byxui (-0,7V — +0,1 V), npu ubomy
sanexnocti I Big E B npamoMy i obepHeHoMy HanpsiMkax He 36iraroTbes,
TOOTO Mac Micle ricrepesuc.

0.15 Axt.ayr.KCT. (R upoMye.) 9
v,=0.0018/c,8 =0 8car’
Ko .aKT Ryr. o, 2 2
V,=0,0018/c,8 =0 8cad
SR B
. 1
<« 0.06 4
0.00 V/’/
0.0 et et ————
42 00 06 203 00 03 08 08 12
ES8

Puc. 4.15. I-E-xapakrepucruxu EK, chopmosanoro Ha
OCHOBI YMCTOrO aKTUBOBaHOro BYrijig (1) Ta na ocHoBi
aKTHBOBAHOTO BYTUUIA, IEOBAHOTO XpOMOoM (2)

Ha puc. 4.16 nokazani tunosi Bonbrdapaani xapakrepucruku EK,
chOpMOBaHMX Ha OCHOBI AKTHBOBAHOFO BYTiJUIs, JEFOBAHOINO XPOMOM.
Buano, wo BnpoBajkeHHA XpOMY HPUBOJAMTDL [0 CUMETpU3auii BOnbTda-
PajiHUX XapakTePUCTHK, @ OTHKE, MAE MiclE 301MbLIICHHS IMTOMOT €EMHOCTI
B IOJATHIHA AinAHUI nOTeHwiany.

Bupuennst exkcnnyarauiiuux xapaxrepuctuk EK (emuicth, BHyT-
pilHi#l ONip) NPOBOJAMIOCS HA KOHAECHCATOPAX y KOPIycax THIOPO3Mipy
“2525”, copmoBaHUX i3 Pi3HHUX COPTIB AKTUBOBAHOIO BYTIJUIS, NErOBAHUX
Cr. Ha puc. 4.17 nokaszaHa 3aA¢kKHICTh BEAHYHHM IX NMUTOMOT €MUOCTI
(Cuur) Bi ipouieHTHOrO BMicTy Cr B aKTHBOBAHOMY BYTiUli. Makcumym
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Puc. 4.16. BonsTdapanyi 3anexHoCTi s akTHBOBAHOTO BYTifiIs:
1) neropanoro XpoMom; 2) HeleroBaHoro
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Puc. 4.17. 3anexuicrs nuromoi emuocti EK Tunoposmipy “2525” sig
BMICTY IHXEKTOBAHOIO XPOMY B akTuBoBaHOMY Byrijuli (BK — Butinesi
kicrouku; YK - uepeurneni kicroukm;

AYCOEP - pernondopmansaeriani cmonw)

Cuur TIPUNANae Ha matepian, B sSKOMY MiCTUThLCS 0,2- 0,32 % xpomy Bin
3aranbHOl MacH e/IeKTPOJAa HE3ANCKHO Bijl COPTY aAKTUBOBAHONO BYLiIs.
[onanswe 36inbuienns kinbkocTi mMerany 3MeHurye BE/IMUHHY €MHOCTI,
OYEBH/IHO, YCPE3 3aAIIOBHEHHA HWM MIKPONOP i, BIANOBIAHO, 3MEHIUCHHS
oud akruBHoi nosepxHi. Buyrpimmniii onip gannx KOH/EHCATOPiB MOHO-
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TOHHO 3MEHIUYETHCS 3 pocToM KuibkocTi Cr (puc. 4.18) i ipH 3HAYEHHSIX B
0,2-0,3 mac. % sig zaranpHol macu craHosuts 0,06-0,07 OMm ans EK
pasoro tunoposmipy npotd 0,09-0,1 Om 1718 HEIHXXCKTOBAHOIO aKTHBO-
BaHoro Byrinns. Haibinbu icToTHe 3pocranis eMHOCT! 3adikcoBaHe /s
EK i3 Byrisins 3 BUIUHEBUX KICTOUOK, HAHMEHUIMHA PICT EMHOCTI MaeMO st
BYT'UIIST 3 YEPELIHEBUX KICTOUOK.

R, Om
[N} —0—BK
——~ K
0,1 —0—AYCdep
0,09
0,08
0,07 -
0,06
A
0,05 4
0,04 v - v v —, Bar %
0 0,1 0.2 03 0.4 0.5 0.6 0,7

Puc. 4.18. 3anexnicrs BHyTpiunsoro onopy EK tunoposmipy “2525” sia
BMICTY IHXXEKTOBAaHOr0 XpOMY B aKTMBOBAHOMY BYTiIUTI

Taxum uyuHOM, BOPOBAaAKEHHS XPOMY B MaTpPHUEO aKTHBOBAHOTO
BYriemo A03B0J€ 30iNbMMTH DHUTOMY €eMHicTh BignoBiguux EK Ha
5-10 % Ta 3MeHUIHTH X BHYTpilHI#A onip Ha 15-20 %. [Ipu usoMy B KOH-
neHcaropax 13 [1EL, chopmMoBanix Ha OCHOBI IErOBAHOFO aKTWBOBAHOTO
BYIJELIO, HPaKTUYHO BIACYTHI (apaieiBehKi npoyuecy B WHPOKiH ginsHui
3Miny notenuiany (-1 B — +0,6 B), To6to aani EK MoxyTs BuTpUMYyBaTH
3HAuHY KiNbKiCTh LMKMIB 3apsy/pospsgy (>10°) Ges noMiTHOT 3MinK ix
KYJIOHIBCEKOI edekTHBHOCTI. Binblie TOro, MOXHAa COBOPHUTH NPO YHi-
BEpCaNIbHICTh JaHOi METOJUKH, OCKiNlbkH 30iNbLIEHHS €MHOCTI H 3MeH-
ienHs BHyTpiwmHboro onopy EK ymacninox nerysanus marepiany
€NeKTPOAa XPOMOM, 5K TMOKa3anu IpOBEAEHI EKCNEePHMEHTH, Ma€e Micue
A 6araThoX MapoK aKTHBOBAHOIO BY MU

AHaAnOriYHUM YHHOM JOCHIJKYBABCS BIUIMB NeryBaHHs Mn ua
NUTOMY eMHicTb Binnosianux EK s axTMBOBaHOrO BYrJICUEBOro Mare-
plany 3 dpykrorux kicrodok (ABM). V tabnuii 4.4 noaaHi nopiBHANBHI

166

Aaui npo nutomy emuicts EK, chopmoBanux Ha ocHosi 3a3smaueHoro
aKTUBOBAHOTO BYTiIs, JieroBaHoro Cr i Mn.

Tabnuys 4.4
[lutoma emuicts EK Ha ochosi Byraewo mapkn ABM

Meroa aocaimkenHs
Marepian ane‘uchm} Bonbramnepo- Xponoamnepo-
CHIEKTPOCKOTIS, . .
W/ merpis, O/r metpis, O/r
ABM 56 64 69
ABM+0,2% Cr 104 106 115
ABM+0,3% Cr 85 88 94
ABM+04%Cr | 80 85 90
ABM+0,2% Mn |. 88 9] 97
ABM+0,3% Mn 105 110 118
ABM+0,4% Mn 100 105 118

Omke, BIAMOBIAHHM MiAGOPOM JEryiouol NOMILIKH MOMKHA 3HAYHO
30inblTH nutoMy emuicts EK, chopmoBanux Ha OCHOBI JIeroBaHoro
BYI/IELIEBOrO MaTepiany.

§ 4.5. Bnaus aasepHoro onpomiHeHHs na craH i NOBEIiHKY
JEryiouHX JOMIlIOK B AKTHBOBAHOMY BYrJIeni

JlociizKeHHI0 MOKAMBOCTEH BUKOPHCTAHHS TEXHONOTMHUX Na3epiB
Ak incTpymexTa Ans Moaudikauii Bracrusoctelt marepianis 6yna npu-
CBAYEHA 3HAYHA KiNbKICTh POOIT, NpoTe 3A€OiNbLINOrO BOHH CTOCYIOTHCS
MOHOJIITHHX MaTepianis i3 BNOPsAKOBAHOW CTPYKTYpoto [184-186]. ¥ Toii
XK€ Yac BMUIMB fIa3ePHOrO ONIPOMIHEHHS HA BIACTUBOCTI MOPUCTHX MaTe-
piasiis, 30kpemMa HaHOMOPHCTOIO BYFJEWO 3 BEAUKOIO MHTOMOIO TOBEpX-
HEI0, NPaKTHYHO He pochimkenui. THM vacom, Ha BiMIHY Bif 3BHYANHNX
Marepianis, Taki HAaHOCHCTEMH 3HAXOASTLCS B CHIIbHO HEPIBHOBAXKHOMY
CTaui i 30BHIWHIH BNJIMB y BUINSAI KOPOTKOUACHOTO IMAY/LCY eHepril
MOXe nepesecTn ii B iHKA TepmoanHamiunnii cran. Tlpu ULOMY pery-
JOKO4HK NapaMETPH Aa3epPHOro iMIYNIbCY TaKHUH nepexii MoxXHa 3iiiicHIo-
BaTH uinecnpsmosano. Binbiue Toro, B3aeMostia nazepHOro ONpoMiHIOBaH-
Hs 3 HAHONMOPUCTHMU CTPYKTYPaMM MOXE NPUBOAMTH 10 Habarato Gijb-

167



IIOro Pi3HOMAHITTS sBUIY i eeKTiB HiX y BUMAJKYy MOHOJITHUX MaTe-
pianis.

Hamu gocnimpkysascs BIUIMB NOTYXKHOIO JIa3€PHOrO BHIIPOMIHIO-
BaHHS HA BJACTHBOCTI BYIJICUEBUX MaTepiajis i3 BEIHKOI MHTOMOK NO-
BepxHelo, siki Oynu nerosani Meranamu Mn, Cr, Er. Onpominenns Bka-
3aHMX MaTepialiB NPOBOAWIOCH iMIYJbCAMH Nasepa, WO IPailioBaB y
pexxumi  MoaysiboBaHoi ao6poTHocti (T;= 15 He, eHepris B iMIyJbCi
E=0,015 [, yactora npoxolpkenHs iMnynbscis f= 56 I'u). Tpusanicts
ornpoMiHeHHs 3MmiHioBanacs B mexax 100...300 c. epemiwysanus no-
POLIKY aKTHBOBAHOrO BYIJeWlO B MpOHEci OnpoMiHioBanHs 3aiHcHIO-
BAIOCH B MPO30OPIH IS Ta3epHOro BHIPOMIHIOBAHHS Kamlcyni 3a Jono-
MOTOIO 3BYKOBOro rexeparopa 3 uactorolo 30 I'u. Okpim uboro, pocii-
JKyBaHi 3paskd nigaaBanucs iMNynbcHii Al Big nasepa, skuil npauiosan
y pexwumi BinbHOT redepauit (t, = 2mc, E, = 40-60 Jhx/em?).

BuBueHHs BMAMBY Jia3epHOrO ONPOMIHEHHS Ha eNEeMEHTHHUI ckuag i
NpOCTOPOBUIA MEPepo3noAiN BNPOBa/LKCHUX MeTaniB  3iilicHioBanocs
METOJIOM" BTOPHHHO-IOHHOT Mac-criekTpockonii [187] 3a njonomoroto Mac-
cnextpoMerpa MC-7201, sikuii 103B0JIsIE 32 JOAOMOTOIO IOHHOTO JpKEpea
tuny IlenHinra 3abesnmeunTH NEepBUHHMI ioHHME cTpym ioHiB Ar' 3
edeprieio 3...5 keB i ryctuHowo o ~5 MKA/MM. JliaMeTp risMu Tpas-
neunst cknanae ...3 MM, Kyt 6omGapayBaHHs nepBUHHUMH iOHAMH LIOAO
HOpMaJi 710 MOBEPXHi 3pa3KkiB cTaHoBMB 45°. 3anuiikoBuil TMCK rasip y
Kamepi (7...8):10°¢ Ia, napuianbHuii THCK aproly npu npawuioloyHoMy
miepeni ionis (4...12)-10° Ia.

Ha puc. 4.19 306paxeHno Mac-CeKTPH BiA HENEroBaHuX 3pa3kiB A0 i
nicns razepHoT 00polky iMIyabcaMy HAaHOCEKYHAHOT TPUBANOCTI.

AHnani3 eNeMeHTHOro CKJIajy Mac-CHeKTpiB, 300paXeHux Ha
puc. 4.19, y pani BUNaAKi8 yCKIaAHIOETbCA THUM, WO NPU PO3NHAEHOCTI
MMOBEpXHi “iOHaMH Ar+ MacorepeHoc HaBiTb OCHOBHOro enementa C
3iHCHIOETBCS 32 JIONOMOrOI0 CYKYNHOCTI OAHOATOMHHX | KJIACTEPHMX
ioHiB JIaHOI'0 eneMeHTa, a Takox Horo crmomyk 3 ajacopboBaHumu i
JAOMILIKOBMMM YacTKaMH, 30kpema mosiekynamun H,, O, HyO, O,, CO,
CH; Ta ix ¢parmentamu — HO, CH.
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Puc. 4.19. Mac-cniexvp# 3paskis HaHOOPHCTOrO Byriewio 10 (1)
# nicna (2) naseproi 06pobkn

Posnopin okpemux enementie no raubuni 3paska BU3HAYABCH IS
TPBOX TUIIB 3pa3kiB, y siki Gysu BipoBajKeHi xpom, epbiii i Mapraneup.
30erma3 Ha puc. 420 so6paxeumit  THnOBHH npodin  posnoniny
CJIEMCHTIB y 3pa3kaX aKTHBOBAHOIO BYIJEUIO, 1EFOBAHOTO MApPraHueM Jo
pisis 0,5 Bar. %. Sk BuaHO 3 puc. 4.20 a, posnoxin Mapraiuio no
ranbuHi 3paska € JOCTATHLO HCPIBHOMIpHMM. 3GinblucHus CTYNEHs
flerysania mapranuem suwe 0,5 mac. % npUBOAMTL A0 TOrO, WO
IHTEHCHBHICTL CHIHAITY BiA Mn €Tae GiNbuioo Bift iHTEHCHEHOCTI cUTHANY
BYTJIEWO | KUCHIO, ajic i Y 1bOMY BUNAJIKY HEPIBHOMIPHICTb PO3NOMiNy
Mn o raubuHi 3paska 36epiracTnes.
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Puc. 4.20. [Ipo¢ins posnopiny o rnubusi eneMentis C, O, Mn y 3pasky,
nerogaHoMy Mn, 3aexHO Bij Yacy TPaBJICHH# t iI0HAMH A
HeornpoMiHerHux (a) Ta onpomiteHux (6) 3paskis (t=cx)

Jlazepue onpowminioBanug (£ = 0,015 J{x, 1, = 15 Hc, 4acToTa npoxo-
JoKeHHs iMnynsci f= 56 'y, yac onpominroBanHsg 200 ¢) npuBOAMTE RO
ICTOTHOrO IEpepo3noAily BKa3aHMX €NEMEHTIB No rMbuHi 3paska
(puc. 4.18 6). 3okpema, rnubuna h,, WO BigMOBinac FONIOBHOMY MaKCH-
MyMy nipodimo posnoiiny Mn, crae MEHIIOW0, HDK y HEOHNPOMiHEHOMY
3pasKy, B TOH xe dac 4acTHHa Mn siK i3 npurnoBepxHeBol AUHKH X <h',,,,
TaK i 3 roubuuu Giabwol, HiK h,, KOHUEHTPYETHCA B OKOJ A,. OKpim
ILOTO, Na3epHe ONPOMIHIOBAHHA iCTOTHO 3MEHILUYE iHTEHCHBHICTb HiHIT
KUCHIO B NMOPIBHAHHI 3 HEOMPOMIHEHUM 3pa3KoM, i1 BOHA IMpPOABASETLCS
JIHMIIC B OKOJi MAKCMMYMY IHTEHCHBHOCTI TiKa MapraHijo, wo Moxe 0yTH
3YMOBIIEHO YTBOPEHHAM OKcuay Mn,O,.

Ha oci abcuuc (puc. 4.20) HaBeaeHa TPUBaNICTb TPAaBACHHS, AKA NPO-
nopuiiHa rauGuHi TpPaBJICHHS, TOMY BHUJ OTPUMAHOI 3aJ€XKHOCTI BiA0O-
paxkac KOHUEHTpaUiifHHil pO3MOALN €NEeMEHTIB 3a TOBIIHHOIO B MPH-
noBepXHeBilt AiNsHILI HA AKicHOMY piBHi. ToBlMHa aHaNi30BaHOrO apy
‘pernameHTyBanacx WUBHUAKOCTAMMU IOHHOrO TPABJCHHS, 5%Ka, B OLILLIOCTI
Bunajkis, He nepesuiye 0,05...0,1 HM/C It IOHIB aproHy 3 eHeprieio
TpaBnennst 3...5 keB. Taka TOBUIMHA € XapakTepHO Afs GiNbUIOCTI
MCTO).'UB, IO BUKOPUCTOBYHOTH PO3NHJICHHS HOBCPXHI Milgeni 3a A01o-
Morowo ioHHoro GombGapayeanus [188]. bepyunm Ao yBaru WBHAKICTHL
iOHHOTrO TpaBNCHHs, JOCTYIHUMH Ul aHati3y € NPHIOBEPXHEBi LUapH
TOBIHHOK He Ginbiue 50...100 um npu Tpusanocti ananizy 100 xs.
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Poznouin no rauduni enemenris C, O, Er ¥y npodax aKTHBOBAHOIO
BYFiI 3 KOHUEHTpauicio epdito 0,6 % 306pakeno Ha puc. 421, fx
baumnmo, posnodin epbito mo rmGuui 8 nopisNAKHi 3 posnoaiiom Mn ¢

{ eq]

40 4

T T T T
0 % 2 30 4 0 60 f, x8 [4 10 x 0 0 50 0 ¢, xa

Puc 4.21. Exkciepumenransio orpumani npodyini posnoniny enemenris C, O,
Er 8 akmusoBanomy syrinni, nerosanomy Er: a - 1o onpominenns;
0 — nicas OIIPOMIIICHHSI

AOCTATHBO piBHOMIpHHUii. Ciin ocobausy ysary 3BCPHYTH i HA Te, WO B
AAHOMY BUMNAJKY PO3NOAUT KUCHIO [0 FIMOUHI HE 323Ha¢ 3HAYHUX 3MiH.

o x po akruposanoro syrians, nerosanoro Cr, To uepes eNeKT-
pU3aUiI0 NOBEPXHI 3pa3ka OTPUMAHHS SIKICHHX Mdc«cnuupus NA3epHO-
ONPOMIHEHHX 3Pa3KiB  aKTMBOBAHONO ByriUis, BMicT Cr B SKHX
nepesninysas 0,1 sar. %, OB 5I3aHO 3i 3HAMHMME TPYAHOILAMH.

Bumiprosanua napamerpis cdopmosanux EK Ha ocHOB Mo i-
KOBAHOTO JICCYBAHHAM MCTAIAMH i AA3CPHUM ONPOMIHEHHAM aKTHBO-
BAHOTO BYIULIS NPOBOAMIKCS B MAKCTAX THROPO3MipY “2325”. Xou BTO
H JleryBalts MeTanamMu akTHBOBAHOIO BYrijis NOKPAILY ¢ psui OCHOBHUX
napamerpis EK (nutoma cMmuicts, BHYTpInmMii omip) [183, 189, 190],
npoTe KYJNOHIBCLKA u])uuumnu:, TaKMX Lyn«.pxmmcncaroplB 3IMEH-
LWYETHCS 31 3DOCTAHHSAM KiNBKOCT 1iinis (puc. 4,22, kpusi 1b, 2b). Tomy
At yCYHCHHSL IPUUMH, WO HiIHOI0TE GapaleiBenki Npoueck, aani Ma-
TEepiant MU ONpomiHIoBa muym,camu Jasepa, Ak npawiosas [k 8
pexuMi BUILHOT renepanii (T, 2 Mc), Tak | B PEXKUMI MOLY ILOBAHOT
A06poTHOCTI (T;= 15 HC). OnpoMiHIOBaHHA aKTHBOBANOFO BYPiuIS, iHXKek-
rosanoro Lr i Cr, iMnysiscamu niazepa, sikuil IpawoeBas y pexumi BUILHOT
redepaiii (A = 1,06 mxm, =2 me, E=40.. S()}l)ic/cM) NPAKTHYHO He
3MIHIOE NHTOMOT €MHOCTI i BHYTPILIKOIO O1OpY BIANOBIHUX cynep-
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KOHJIEHCATOPIB, ajie CYTTERO BINIMBAE HA IX KYJOMIBCLKY C(CKTHBHICTD
(pne.4.22, xkpusi 1a, 2a).
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Kitexicts umionin KinbKicts ks

Puc, 422, 3anexuicte kymosisebkol edexrusrocti (K) Bift KisibkocTi
nukais (N): 1b - EK Ha ocHOBI akTUBOBaHOr0 BYINICLUO, JIETOBAHOTO 4O
0,3 Bar. % Er; la— EK Ha ocHOBI akT#BOBaHOrO BYTNEWO, JIEFOBAHOIO 0
0,3 Bar. % Er i onpominenoro nazepom; 2b — EK Ha ocnoBi akTuoBanoro
Byrmiewo, aeropatoro 1o 0,5 Bar. % Cr; 2a — EK #a ocHOBI akTMBOBaHOIo
syrewo, nerosayoro 1o 0,5 sar. % Cr i onipoMineHoro jasepom

Ax BuaHo 3 puc. 4.22, ans EK, BUroTOBAEHHX 3 ONPOMIHEHOro BY-
rinasl, KyJOHIBCLKa €(CKTHBHICTb 3aJMUIAETHCA PAKTUYHO HE3MIHHOIO
upotarom 10° wmknis, Toxi sk ans EK i3 HCOTPOMIHEHOr0 BYTiJUIsl BOHA
HEYXHAbHO 3MeHuIyeTbea. Haitbinsin iMmoBipHo, 1110 B pesynbrati nasepuoi
o0pobku Briposa/keni atomu Er i Cr nudynaytors sraub marepiany,
ToMy 1ipu OararopasoBiil nepezapsili BKazaHi ATOMW HE NEPEXOJsTh B
€NeKTPONiT. AHANOrIYHI pe3ynbTary Oyiu OTPHMAHI 1IPH BUKOPUCTAHHI
nasepa, KU npaioBaB y pexuMi MOAYIb0BaHOT nobpoTtHoCT (T = 15 HC,
E=10,02 JIx, A=1,06 mxm, yac onpominfosanns 3 xs). [lpore B uspomy
BUINAAKY 4epe3 BCAUKMI 4ac OMPOMIHEHHS MOXJIUBE OKMCICHHS CTPYK-
TYPH aKTHBOBAHWH ByTneup/iHKexToBaHMI MeTal, MO 3HWKYE i
napamerps EK. Orpumati pe3ynbTaTH CRiUATH Mpo cradiymizyrouy posb
NA3EPHOrO ONPOMIHIOBANHS, SIKA NPH3BOAUTH JO ICTOTHOIO 3MEHILUICHHS
(hapaseTBChKUX NPOLECIB Y CHCTEMI AKTUBOBAHUH BYTICLL/CIIEKTPOIIT.

Jlist aKTMBOBAHOIO BYFJEWIO, JIEFOBAHOrO XPOMOM Ta MiAAHOTO
nasepHiil oO6pobui, 3HaiAcHo, to npu Manid kinekocti Cr (< 0,1 Bar. %)
OIPOMIHEHHS J1a3€POM MPUBOAUTL JIO HC3HAYHOro 30iMbILEHHST MUTOMOT
emuocti EK. 3 nmigsmincussm Bmictry Cr B aKTHBOBAHOMY BYTijuli
(> 0,1 mac. %) Ha 3anexHoCcTI nUTOMOT emHOCTI Bignosianux EK 8ig floro
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KOHUEHTpallii ClocTepiraloThes ABa 4iTKi MakCHMyMH, Toai sk ans EK,

copmoBanyX i3 HEONPOMIHCHOTO BYTijsl, JaHa 3afeXHICTh Mae OIHH

MakcumyMm (puc. 4.23). lllo x no BHyTtpimmboro onopy EK, to Bin pizko

3pocrae 3i 36inblIeHHsM KinbkocTi BripoBamxkexoro Cr i npu BMicTi

0,6 % Cr 30inbwyerses B 17...18 pasis y nopisrsuni 3 onopom EK i3

HEONPOMIHEHOrO BYTiJUIA, NPO HIO, K HArOJIOWYBANOCH BUIUE, CBIAYATD i

Mac-CreKTpocKoniuni gocikenns. Mmosiproio APHUYMHOIO LBOFO € TE,

o aromu Cr y CTPYKTYpi MOXYTh 3HAXOJMTHCH B AEKiJIbKOX EHEpreTHY-
HMX 1 3aPSJI0BMX CTaHaX.,

C,oir
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Puc. 4.23. 3anexuicts nutoMol emuocti EK Bin kinbkocTi
Brposapkenoro Cr: 1 — puxinHe akTHBoBane Byrijns;
2 — aKTUBOBaHE BYriJIs, ONpoMiHeHe iMnynbcamu Nd-nasepa
(t; = 15 uc, E = 0,03 Dx/em?, t =3 XB)

Takum unHOM, nasepHa ob6pobGka akTHBOBAHOrO BYIAEWIO, NEro-
BaHOIO METa/laMH, NPU BKa3aHUX BHILE PeXMMax pobOTH JiazepiB CyTTEBO
BIJIABAE HA MPOCTOPOBHIi NEPEpo3noAiN BNPOBAIKEHHK ATOMIB METAIB,
iX XiMiYHY aKTMBHICTb, IHTOMY NPOBIAHICTD i, BIAMOBIAHO, Ha NapaMeTpH
EK, chopmoBanux Ha Horo ocHosi.



§ 4.6. Imneaancua cnekTpoc

caTopin

BracTHBOCTI JOCHTEL HIMPOKOIrO Psiy CHCTEM, OCOGJIMBO €neKTpo-
XIMIYHHX, 3pY4YHO BHBYaTH 3a BIATYKOM Li€i CHCTEMM Ha 30BHiLUHii
CHHYCOIZJILHUA CUrHaJ. Y ubomy IUiaHi Halbinein indopmaTHBHUM €
BUKODHUCTaHH METOAY iIMNENAaHCHOI CREKTPOCKOIii, OCKiJIbkM BiH Ja€
MOXJIIMBICTE TIPOBOJHUTH JNOCJI/KGHHA B JOCHTH ILIMPOKOMY iHTepBai
gacrot (f=10°— 107 I'y).

Bumipy npoBofMIHCs B TPHOXEIEKTPORHIN eNekTpoXiMiuHii komip-
ui (puc. 4.24). ¥V sikocti pobo4oro enekTpofia BUKOPUCTOBYBABCS AKTHBO-
BAaHUH BYIJICUEBMA MaTepial 3 NEBHUM HPOLEHTHUM BMICTOM XpOMY YH
Maprasuio, JonoMbkHui enekTpox OyB aHanoridHuii 10 po6oUoro, €nexT-
PONOM NOPIBHAHHA cy)uB Xjopcpibuuil enexktpoa Ag/AgCl (notenuian
BYIJIELEBOrO Matepialy BiAHOCHO €JEKTPOAa [MOPIBHAHHA CTaHOBHMB
- 0,33 ~-0,28 B). Sk enexrposnit BHKOpHcTOBYBaBeA 30 % BoxHMI po3unH

KOH + 0,3 % BonxHuit po3unn LiOH.

KOMist eJIeKTPOXIMIYHHX KOHIEH-

| IloreHniocrar -
ransLBaHOCTAT

N

Puc. 4.24. Enexrpoximiuna koMipka: | — ckisHa KoMipka;
2 - repmeTH3yI04a KPHUIKa; 3 — EJIEKTPOIIT; 4 — poGouuii elexTporn;
5 — eNIeKTPOA NOPiBHAHHS; 6 — JOTIOMDKHHI €IEKTPO

Ha onepxanux niarpamax Haiixsicra (puc. 4.25) B Ainsnui BUcokux
4acTOT CNOCTEPiracThCs HeBeNMKa NiNsIHKA y B niBkona. 3rigHo 3i
{191], nanuii ¢axkT ykasye Ha HasBHICTb He3HauHWX (apajeiBCbKuX
NpolLEeciB Ha MeXi pO3AiNy eNeKTPOA—eNeKTPONiT, a BiJANOBiAHO Ha
MiHiManbHHil BHECOK [MICEBJOEMHOCTI B 3arajlbHy €MHICTb CYNEPKOH-

IeHcaTopa.
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Puc. 4.25. liarpamu Haiikpicra /i1 aKTHBOBAHOIO BYT/IELEBOTO MaTepiany 3
Pi3HHM TIPOLEHTHHM BMICTOM: &) XpoMy; 6) Maprauuio

Sk npaBuno, iIMNEAAHCHI 3aNeMHOCTI 1718 AKTHBOBAHKX BYINELEBHX
maTepiaiis MojemooTh RC  —  ckpiBanentHum nanipoxkom [192]
(puc. 4.26). ITpoTe B UbOMY BUNAAKY BHHMKAIOTH TPYAHOUL 3 Nigbopom
napaMeTpiB  eKBIBANEHTHOI CXeMH, OCKiitbki B 6inbwiocti Byraeuesi
Marepian BONOKIIOTb OCHTL CKNIAAHUM PO3IOAILIOM 0P 3a po3mipoM. Y
pesyNibTaTi eKCHEepUMEHTaNbHI  MIarpaMu  3HAYHO BIAPIGHAIOTBCA Bil
ieanbHoro rojorpada, sanpononosanoro [193] (siu asnse cobor npsamy
JHIK 3 Ga3oBMM KyToM @ = 45°) Ta Bia roorpaga iMnesascy nopucToro
enexTpoja, sanponowosanoro [194] (npu Bucokux uacrorax (@ — o)
(asosuit kyr nopisnioc 45°, i BiApi3ok, sikui BifcikacThcs HA oci 7,
PIBHHI ONOPY PO3UHHY 330BHI NOPH; MpH @ — 0 MaeMo BePTHKANbHY
JIIHI0, eKCTpanonauis AKoi Ha Bich Z' 1ac cyMy I0HHOro onopy BeepeauHi
IOPUCTOI CTPYKTYPH Ta 30BHILUHBOIO (1OCHIAOBHOTO ONOPY).

RS

IAVAVANS

R;
AN

T Gy

Puc. 4.26. ExpiBanentna cxema ans cynepkoniencaropa: R — onip
CNEKTPONIITY 330BHI Nopu; R, - 011ip ek TPOiTY Beepeanni TopH;
Car -~ €MRICTS NOABINHOTO WIApY Beepelidi OPH

175



OnmHuM i3 MOXAMBHX CIOCOGIB NOAONAHHS TaKOi MEPELIKOAU €
3aMiHa 3anpoNoOHOBAHOT BUILE CXeMH (pHC. 4.26) eKBIRANIEHTHOIO CXEMOMD,
300paxeHoro Ha puc. 4.27.

Rs cre CPE
AN \
7 d
: |34 l Cdt R w I

Puc. 4.27. ExpibanentHa cxema ana aiarpam Haiiksicra, otpumannx ans
ximMiuHO Moandikosanoro ABM

VY naHiit cxemi Ry — nocnifoBruii ekBiBajJeHTHUI Onip, sIKKil BKIIO-
4a€ B cebe oflip eNeKTpONITY, OMip HIABIAHUX NPOBOKIE Ta KOHTAaKTIB,
CPE; — enement mnoctilinoi ¢asu emuicHoro Tuity, skuif BpaxoBye
HEOJHOPIAHICTL EMHOCTI, 3yMOB/IEHOT (apaieiBcbkuMU npouecamu, Ry —
dapaneiscokuit onip, CPE — enement moctiiiuoi ¢asu, skuil BpaxoBye
¢pakTanbiy (abo NOPUCTY) CTPYKTYpPY enekTpoaa, R — nonspusauiiinuii
omip Marpuii akrdsosadoro syraewro, Cy — €MHICTb HOABIHHOrO
€JIEKTPUYHOrO wwapy, W — nudysiiinuif imnenauc BapGypra.

Po3spaxyHok napaMeTpiB eJeMeHTiB eKBiBAJEHTHOI CXEMH 3iHCHIO-
BAaBCS B ABTOMATHYHOMY PEXHMi 3a JONOMOrOI0 THCTANbOBAHOT KOMN 10~
TepHoi nporpamu FRA. OtpumaHni 3HaYeHHS BHKOPUCTOBYBAAMCS sK
BUXiAHI JU1s 6inbil ToYHOro HabukeHHs 3anexHocti — Im Z = f(Re Z) —
0 iCTOTHOrO 3HAYEHHS 3a JOMOMOro0 KOMITHOTEPHOT porpamMu o6pobiku
iMIeAaHCHUX cHekTpiB ZView — 2. 3 OTPUMAaHUX NaHHUX BUIUIMBAE, ILO
HalOINbIIOD E€MHICTIO BONOJiE aKTHBOBaHWM BYyIJieueBUil MaTepian i3
0,2 Bar. % BmicToM xpomy Ta 0,3 Bar. % BMICTOM Maprauio.

lle opuuM 31 cnocoGiB 3HAXOMKEHHS EMHOCTI marepiany €
BUKODPHMCTaHHS PO3paxyHKoOBHX (opMy, HaBeaeHUux y [167]:

~-(ImZ -wl)

m[(Rez ~RY +(dmZ —mL)Z] ’

C, (@)= (4.14)
Ae C, — Hakonu4yBanbHa €MHICTh, L — iHZYKTUBHICTb, ® — UMKIIYHA
4acToTa (w=2nf, A€ f — 4YaCTOTa MPHKAAAEHOro CHMrHany), R, — nocihi-
ROBHMU €KBIBANEHTHMI OMip, AKMH BKJHOUae B cebe omip enexTpomiTy,
onip NigBiAHUX MpoBOAiB Ta KoHTakTie. Jng EK, sixi Bonoaiiote Manum
OMOPOM i HEBHCOKOK €MHICTIO, €MHICTB MOXHA pO3paxyBaTH 3a
dopmynoio:
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-1
2nf - ImZ (4.15)

Mnst EK i3 BUCOKOIO EMHICTIO | HH3bKMM BHYTPILIHIM OTIOPOM MOXHA
HaOJMKEHO BBaKATH, U0 R, — 0 i L — 0 TOMy HakonMuyBanhHy €MHICTB
MOMKHA OOUMCIIUTH 32 TAKOKO (HPOPMYIIOIO 3riZIHO 3 PIBHAHHSAM:

~ImZ

o[ ®Re2)’ +(m 7y (4.16)

VpaxoByloud  BHCOKY — €MHIiCTB  JOCHJKYyBAaHOrO  MaTepiany
(puc. 4.28), ne excriepuMeHTalbHA | TEOPETHYHA KPHBI IPAKTHYHO CITIBIIA-
Ja10Th, i BIACYTHICTS, 3TIHO 3 IMNEAAHCHHMH ROCMIAKEHHAMH, HIYKTHB-
HocTi L, a Takoxk Oepyuu A0 yBard onip R,, KM y JHaHoMy BHITAZIKY
HEXTYBaTH He MOXHa (R, ~ 0,7+ 1,3 Om 3rigno 3 iMnenacuumu mocii-
JOKSHHSMH; TOXHOKAa BUMIpIOBaHHS He fepesuilyBana S %), BHHHUKaAE
AOLUIbHICTD BUKOPHCTaHHS Jeiio Mojanudikosanoi dopmyin ans pospa-
XYHKY EMHOCTI BYT/IeLIeBOIO MaTepiaiy:

C, @)=

-ImZ
Cp (('0) = 2 2 ]
m[(ReZ»Rx) +(m2)' |
-0 - i 107 ~ -
' .
g | T
ok W T
2 f—1
A bt U 0Lt b & A d LI Lo, LA
R R A T R
ol Frequency (Hz)

AN

theta
s 86 b8t
/

S R
_A,‘,,/ y
o b b ) b S U 0 Lo td b B b BRI UL 2k L
0 0 o 0 0 107 w0' 10’ 10' o 10° 10t 1
z Frequency (Hz)
a 6

Puc. 4.28. Tunosi excriepimentansha (1) i reopetnuna (2) giarpamu
Haiiksicra (a) Ta Bone — kpusi (6) a1 Cr, Mn, monudikoanux ABM

I'padiuni pe3ynbTaTd po3paxyHKy €MHOCTI 3a BKa3saHHMH popmy-
Jamu 306paxeHi Ha puc. 4.29.
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Puc. 4.29. Po3paxyHkoBa eMHICTE aKTHBOBAHOTO BYTIIIeLIEBOTO Marepiaiy 3
0,2 Bar. % BMicToM XpoMy: 1 — 3rifHO 3 dpopmysorwo (4.14);
2 —3rigHo 3 popmynoio (4.15); 3 — srixHo 3 popmynoro (4.16)

Cnip 3ayBaxury, o 3rigdo 3 [194] seauunua eMHOCTI C, BH3Ha-
YaEThCH K TOYKa NEPETHHY MiX Biccio opiuHAT (Biccio C) Ta ropusoH-
TaJBHOIO NPAMOI0, EKCTpanonsoBaHo o kpuBoi C = f(Re Z) y apinsanui
HH3BKHX 4acToT (Ha puc. 4.29 foTH4YHA NOKa3aHa IWTPUXOBOIO JiHic0).

OpnepxanHs iMmeJaHCHMX KPMBHX NpH moreHuianax -1+0,2B (y
JlaHOMY BHIIA[IKy — Li€ Pi3HUUS NOTEHLialiB Mix poGOYUM eleKTPOIAOM Ta
€NIEKTPOJIOM MOPIBHAHHA) W aBTOMATHYHMI pO3paXyHOK mapameTpis
€KBIBAJNIEHTHOT CXeMHM (HacaMmiiepes, EMHOCTI), JaJlH MOXUIMBICTh nolyay-
BaTH BOJBT-(apajHi 3aMeKHOCTI LA JOCTIAKYBaHOrO aKTHBOBAHOIO BYT-
TeWIo 3 Pi3HHM NMPOLIEHTHUM BMICTOM Jieryiodoi no6asku (puc. 4.30 a, 6).
Kputepiem Bubopy iHTepsamy NmpuKiaJeHHX TOTEHHianiB € 3MiHa napa-
METpiB €KBiBaJeHTHOI cxemMu He Oimpm sk Ha 10 %. Kpim uporo, y
Bin’emuilt AinsHUi norennianiB Buxia kpueoi C = f(E) Ha MakcuMyM €
TaKOXK OJHUM i3 pakTopiB BHOOPY BEJIMUHHH NPUKIAASHOrO MOTEHIiaTY.

SAx BumAMBae 3 JaHMX 3anexHOcTeH, 36GiNBLIEHHS MPOLEHTHOIO
BMICTy MapraHifo NpU3BOANTH HE TUTBKH O 3POCTAHHS MUTOMOI EMHOCTI
aKTUBHOrO Martepiaiy, ane # X0 cuMeTpu3alil BKa3aHHX 3aJIeKHOCTEI.
MoxHa JonyckaTd, IO BIOPOBAJDKEHHA MAapraHmilo B HaHOMOPHCTHEH
Byrjleub CTBOpIOc yMOBH Ans npuuienyieHHs OH — rpyn po3uuHHHKa B
JAOAaTHiH AiNAHLI MOTeHHianiB (JaHa cUTyawis Mae Micue i gns 4ucTOro
aKTHBOBAHOI'0 BYIJICLIO), 33 PAXYHOK 4Or0 CHOCTEpiracThcs 30iNbHICHHS
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€MHOCTI SIK Yy JOAATHIH QAsHLI rOTEHUIany 30KpeMa, TaK i 3aralibHoi
€MHOCT] B3araji. 30BCIM iHLIA TOBENIHKA CIOCTEPIracThes NpH BIPOBa-
JOKEHHL Xpomy: 3rifHo i3 sanexnoctamu C = f(E) gonysanus XxpoMom He
BUKJIMKAE BUPIBHIOBaHHS 060X BiTok C-E 3anexHocTeld, B pesynbrari 4oro
€MHICTb TakMX MaTepiafiB y AOAATHIM MUnsuui noTeHuianis € MeHOW B
NOPIBHAHHI 3 YHCTUM AKTHBOBAHUM BYTJIEIEM.

C,... O ~O~~ ABM c,.. ok ~0- ABM
200 - —n—02% 240+ ~B—02%
1001 wa ::—: gg: 20| ee —®—03%

A= 0,4%
160 200
180 4

160 -

140 4 e
~ Dyt

»

140
120
100

80

40
20

Puc. 4.30. BoabT-gapanni 3anexHocTi s aKTMBOBAHOTO BYTIELEBOTO
Marepiany 3 pisHUM NPOLEHTHHM BMICTOM: @) XpOMY; 6) MapraHiio

Cnia 3ayBakuTH, IO PO3PAXyHOK NUTOMOI €MHOCTI aKTHBOBAHOIO

, ~-ImZ
. o C (0)=—z
ByrJleleBoro marepiany sa gopmynowo s (9) o| ReZ - R, )2 + (ImZ)z}
MIPHBOMMTL JI0 @HANOTIUHOrO pesyibTary B [iNsHUi BiJi EMHUX [IOTEH-
uianis (OTPUMaHi AaHi BIAPI3HAIOTLCS OJMH Bl OAHOFO He GLILIN K Ha
6 %, 1110 CBIYNTDL NPO IPABOMIPHICTh BUKOPHCTANHS 0GOX METONK), TOA
Ky N0JaTHIM JASHUE CrocTepiracTbes 3HaYHe Bi/IXUACHNS, 0CODIINBO
AJIS aKTMBOBAHOTO BYIJICLYFO, AONOBaHOro Mn, ockifnbku Ha puc. 4.30
MOJAETHCS HE 3arajibHa €MHICTb MaTepiany, a Tilbkd emuicts TTEL ak
MeXi PO3ALITY ENeKTPOA—ENEKTPOIT, TO MOXJIHBICTL HE36Iry 060X KPUBHX
y JOAATHIH RiNsHUI NOTEHUiaNiB MOXKe CBIAYHTH MPO JOAATKOBUI BHECOK
Yy 3araibHy €MHICTb NICEBAOEMHOCTI 3a paxynok (apaiciBchkux npouecis
33 yyacTio QyHkuiouansiux rpyn (manpuknag, COOH>C=H, OH).
Binomo [191], wo uasBHicTs GyuKiioHAnLHUX rpyn MOXKE BIAKUBATY Ha
EMHICTh CYNEPKOHAEHCATOPIB, NO-NEpuIe, BHACKIAOK MOKAMBOrO NpoTi-
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KaHHA OKUCHO-BiAHOBHIX (apajeiBchKuX peaxilili 3a y4acTio LuX rpyn i,
No-Apyre, BHACHIOK 3MIHH AHTOMOI €MHOCTI HA OAWHUUIO ICTHHHOT
MixazHOT MOBEPXHi.

XapakTtepHoto ocobnuBicTio npouecy ximiynol moaudikauii ABM
BUILECHABCACHUMM METaNaMy € Te, 10 XPOM | MapraHeub 3HA4YHO 3MEH-
LIytOTh 3Ha49eHHA Audy3iiiHoro imnenancy Bapbypra (puc. 4.31) y nopis-
HAHHI 3 HemoJMGiKOBaHHUM MatepianoM. YpaxoByrouu Te, W0 ANs BCiX
3paskis CIOCTEpIracTbCs 3araibHa TCHACHIUIA 10 3MeHWeHHs W nipu 3MiHi
noTeHuiany y BiA’€eMHY JifisiHKY, AaHuM napamerp MOXHa NoB’s3aTH 3
audysifiHuMn npouecamu ionis kanito K' y marpuuio ByrieleBoro
marepiany.

W, Owr —e—ABM W, Owm —e—ABM

450 ~0—02% 450+ —0-02%

—r—03% —tr—0,3%

4007 —y— 0,4% 1 —v—0,4%
3504 350+
3004 3004
250 2504
200+ 200 4
1504 156
100 ’ 1004

T T
62 1.0 08 06 04 02 0.0 a2

Puc. 4.31. 3anexuicTe iMnenancy BapGypra Bijl npuKIageHoro noTeHuiany 1is
aKTHBOBAHOTO BYTJICHIO 3 pi3ZHUM NMPOUEHTHHUM BMicTOM XpoMmy (a)
#t Mapranuio (6)

TaxuM 4MHOM, METOJOM IMNENAHCHOI CHEKTPOCKOIIi BCTAHOBICHO,
L0 CyMapHa €MHICTh AKTHBOBAHOTO BYINEUIO CKIAJAETBCA 3 €MHOCTI
MEUI ta NCEBAOEMHOCTI, BKJIAJl AKOT € He3Ha4yHuM. JUIs eNeKTPOXiMiuHuX
MpouECiB, WO BiAOYBaIOTLCA B JOCHILKYBaHIH eNeKTPoXiMi4Hii cucremi,
nigidpaHo eKBIBANCHTHY CXCMY, SiKa 33/I0BLILHO MOACHIOE MOBEAIHKY, 110
CHOCTEPIracThes SIK HA MEXI pO3Ainy eNeKTpOJ—eleKTpodiT, Tak i B
MATpHLi aKTUBOBAHOI'O BYTHELIO.
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